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ABSTRACT
The flow p ro p e r t i e s  of s ev e ra l  polymer m elts  have been 
in v e s t ig a te d  in  s teady  shear flow and when shear flow was ap p lied  
or removed. The r e s u l t s  have been compared w ith  the  p re d ic t io n s  o f  
th re e  rh e o lo g ic a l  equations  of s t a t e  which have been proposed to  
d e sc r ib e  th e  behaviour o f  e l a s t i c  f l u i d s .
In s teady  sh ea r  flow th e  v i s c o s i t y  r\ and th e  normal 
s t r e s s  d i f f e r e n c e s  ai and a 2 have been determined f o r  two 
p o ly iso b u ty len es  (Vistanex LM-MH and V istanex LM-MS) and a 
depolymerised n a tu r a l  rubber (L orival R25). There i s  some 
disagreem ent about th e  magnitude o f  a 2 and the  main o b je c t iv e  was to  
determine i f  i t  was zero or n o t .  The d a ta  were ob ta ined  from t o t a l  
t h r u s t  and to rque  measurements in  a Weissenberg Rheogoniometer us ing
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co n e -p la te  and p a r a l l e l  p l a t e  geom etries .  For th e  p o ly iso b u ty len es  
a 2  was n eg a tiv e  bu t sm all compared w ith  g j ;  th e  r a t i o  Icj^/cjiI was 
le s s  than  0 .3 .  The L oriva l R25 d a ta  were no t in c o n s i s te n t  w ith  th e se  
c o n c lu s io n s .
Attempts have been made to  measure s t r e s s  r e l a x a t io n  on th e  
c e s s a t io n  o f shear flow and s t r e s s  growth a t  th e  onset o f  sh ea r  flow .
The measurements were c a r r ie d  out on the  Weissenberg Rheogoniometer.
For V istanex LM-MH th e  form of th e  r e l a x a t io n  depended on th e  s t i f f n e s s  
o f th e  to rque  measuring system. This i s  shown to  be due to  i l l d e f i n e d  
boundary cond itions  f o r  t r a n s i e n t  measurements w ith -h igh  v i s c o s i t y  f l u i d s .  
However r e l i a b l e  d a ta  could be ob ta ined  on th e  lower v i s c o s i t y  
p o ly iso b u ty len e  (Vistanex LM-MS) provided a s t i f f  to r s io n  b a r  was used .
For t h i s  m a te r ia l  the  shear s t r e s s  r e la x a t io n  and growth were more 
r a p id  as the  shear r a t e  in c re a se d .  The normal s t r e s s  t r a n s i e n t  
measurements were u n r e l ia b le  bu t  i t  a p p e a re d . th a t  r e l a x a t io n  and growth 
times fo r  p 2i were le s s  than f o r 'a i *
Cii)
A c o n e-p la te  rheom eter, which can measure the  s teady  shear 
v i s c o s i ty  and e l a s t i c  recovery  of polymer m e l ts ,  i s  d e sc r ib e d .  The 
form o f the  recovery  curve can a lso  be ob ta ined . A c o n s tan t  shear  
s t r e s s  i s  ap p lied  to  the  sample and th e  r e s u l t a n t  r o t a t i o n  and 
recovery  when th e  s t r e s s  i s  removed a re  measured by a capac itance  
techn ique . Data ob ta ined  on the  two po ly iso b u ty len es  a re  r e p o r te d .
I t  i s  shown th a t  th e  Weissenberg and Lodge th e o r ie s  o f  e l a s t i c  
recovery  a re  no t v a l id .
Die sw ell measurements have been c a r r ie d  out on an e l a s t i c  
f l u i d  (L orival R25) and a h igh v i s c o s i t y  Newtonian f l u i d  (P ara lac  385, 
a m odified alkyd r e s i n ) . The measurements were made on a c a p i l l a r y  
rheometer a t  shear  r a t e s  below 1 s e c " 1. Both f l u i d s  showed a 
s ig n i f i c a n t  amount of d ie  sw e l l .  For the  Newtonian f l u i d  th e  average 
d ie  sw ell was 13.5% and independent o f  th e  c a p i l l a r y  r a d iu s ,  v i s c o s i t y  
and volume r a t e  of flow. Die sw ell  in c reased  w ith sh ea r  r a t e  f o r  the  
e l a s t i c  f l u i d  bu t  d id  not depend on th e  c a p i l l a r y  r a d iu s ,  and a t  low 
shear  r a t e s  was asym ptotic  t o . t h e  Newtonian v a lu e .  I t  i s  shown t h a t  
th e  momentum ba lance  th eo ry  of d ie  sw ell i s  no t a p p ro p r ia te  to  high 
v i s c o s i t y  f l u i d s  o f  any type .
The d a ta  ob ta ined  on the  two p o ly iso b u ty len es  have been 
compared with th e  p re d ic t io n s  o f  th e  WJFLMB, OWFS and Kaye i n t e g r a l  
rh e o lo g ic a l  equations  of s t a t e .  The OWFS theo ry  i s  no t an a p p ro p r ia te  
model f o r  high v i s c o s i t y  e l a s t i c  f l u i d s  such as polymer m e l t s .  I t  
p r e d ic t s  e l a s t i c  recovery  va lues  which a re  much too  high and in  s t r e s s  
growth experiments i t  i s  incapab le  o f p re d ic t in g  s t r e s s  overshoot which 
has been re p o r ted  in  the  l i t e r a t u r e .  The agreement between th e o ry  and 
experiment fo r  th e  WJFLMB and Kaye models i s  reasonab le  f o r  s te a d y  
sh ea r  flow , s t r e s s  r e l a x a t i o n ,  s t r e s s  growth and t o t a l  e l a s t i c  recovery . 
However th e se  th e o r ie s  do no t d e sc r ib e  th e  form of th e  recovery  curve
w e ll .  Both the  WJFLMB and Kaye models p r e d ic t  s t r e s s  overshoot in  
s t r e s s  growth experiments a t  h igh  shear r a t e s .  There i s  some 
evidence t h a t  the  Kaye th eo ry  might be a more u s e fu l  model than  th e  
WJFLMB theo ry  in  some a p p l ic a t io n s .
Civ)
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FUNDAMENTALS OF RHEOLOGY
1.1 In tro d u c t io n  .
Most shaping p rocesses  in  the  p l a s t i c s  and rubber in d u s t ry  
invo lve  th e  flow o f  polym eric m a te r ia ls  in  the  molten s t a t e .  Thus a 
s tudy o f th e  rheology o f  polymer m elts  i s  of te c h n o lo g ica l  
s ig n i f ic a n c e  and should lead  e v en tu a lly  to  a b e t t e r  unders tand ing  of 
p ro cess in g .
In t h i s  d i s s e r t a t i o n  some of th e  flow p r o p e r t ie s  o f  polymer 
m elts  are  in v e s t ig a te d  and th e  r e s u l t s  i n t e r p r e te d  in  terms of 
rh e o lo g ic a l  th e o r i e s .  The s tudy  i s  confined to  the  behav iour o f  
th e se  m a te r ia ls  i n  s teady  sh ea r  flow and to  t h e i r  t r a n s i e n t  responses  
when shear  i s  ap p lied  o r  removed. C lea rly  t h i s  does not in d ic a te  how 
th e  m a te r ia ls  w i l l -behave in  o th e r  s t a t e s  o f  flow. However s tead y  
shear  flow can be produced a cc u ra te ly  in  th e  la b o ra to ry  and 
approximates c lo se ly  to  such p r a c t i c a l  p rocesses  as e x tru s io n .  An 
in v e s t ig a t i o n  o f  the  p ro p e r t ie s  o f  polymer m elts  in  t h i s  s t a t e  o f  
flow i s  th e re fo re  r e le v a n t .
The fundamentals o f  rheology have been d iscu ssed  in  d e t a i l  
e lsewhere (Lodge 1964, Middleman 1968), arid we w i l l  only o u t l in e  th e  
p o in ts  re le v a n t  to  th e  p re se n t  t re a tm e n t .  The term inology and 
n o ta t io n  used a re  s im i la r  to  those  o f  Lodge (1964), whose c o -o rd in a te  
convention has been adopted where a p p l ic a b le .
1.2 Kinematics and Dynamics
We w i l l  assume th a t  the  m a te r ia l s  a re  continuous. This 
im plies  t h a t  the  d e r iv a t iv e s  o f  th e  d isp lacem ents  a re  continuous 
fu n c tio n s  o f  the  c o -o rd in a te s .
We w i l l  choose as th e  b a s ic  k in em atica l  q u a n t i ty  th e  r a t e  
o f  s t r a i n  te n so r  e ^ . Assuming a r e c ta n g u la r  C ar te s ia n  co -o rd in a te  
system 0 xiX2 X3 , then  the  components of e — are  (Middleman 1968)
t l J  ( " ;  .
\3 X j  8xi<
i ,  j = 1, 2, 3 1.1
where v i ,  v 2 , V3 a re  th e  v e lo c i ty  components in  the  x 1? x 2  and X3 
d i r e c t i o n s .  The components o f  e^j in  s p h e r ic a l  and c y l in d r i c a l  
p o la r  co -o rd in a te s  are  g iven by Middleman (1968).
The b a s ic  dynamical v a r ia b le  i s  the  s t r e s s  te n so r  P-[ j • 
The components o f  p. .- 'in  re c ta n g u la r  c a r te s ia n s  a re
• /  P11 P 2 1 P 31
II•HPh 1 P 12 P22 P 32
P i  3 P23 P 33 .
1.2
where p n ,  p 22, P 3 3  are  s t r e s s e s  a c t in g  normal to  th e  su r fa c e  
elements p e rp e n d icu la r  .to th e  X j, x 2  and X3 axes r e s p e c t iv e ly .
P l 2  i s  the  s t r e s s  a c t in g  in  th e  x 2  d i r e c t io n  on th e  s u r fa c e  element 
normal to  th e  x i  a x is .  P 1 3 , P2 1 * P2 3 * P31 and p 3 2  a re  s im i l a r ly  
d e f in ed . A p o s i t iv e  p ^  i s  assumed to  be a te n s io n .
The p ^ i  a re  the  normal s t r e s s e s  and the  p — (-  j )  a re  
sh ea r in g  or t a n g e n t i a l  s t r e s s e s .  Since th e re  w i l l  be no r e s u l t a n t  , 
couple a c t in g  on th e  element
P i j  = p j i  1 . 3
Thus th e re  a re  only 6  independent components of the  s t r e s s  t e n s o r .  
Both th e  r a t e  o f  s t r a i n  te n so r  and th e  s t r e s s  te n so r  a re  sym m etrica l. .
The equation  r e l a t i n g  the  k in em atica l  s t a t e  o f  a body a t  
a l l  p a s t  t im es ,  and th e  dynamical q u a n t i ty  a re  R heological Equations 
o f  S ta te  or C o n s t i tu t iv e  Equations. These a re  te n s o r  equations  which 
a re  c h a r a c t e r i s t i c  o f  th e  m a te r ia l  under s tudy .
1.3 Basic Assumptions
In the  p re se n t  tre a tm en t we w i l l  assume t h a t :
( i )  The m a te r ia ls  a re  incom press ib le .
( i i )  The m a te r ia ls  a re  i s o t r o p ic  in  th e  u n s t re s se d  s t a t e .
( i i i )F lo w  i s  iso th e rm a l.
The c o m p re s s ib i l i ty  o f  polymer m elts  has been in v e s t ig a te d  
by Spencer § Gilmore Q-950); t h e i r  r e s u l t s  in d ic a te  t h a t  i t  i s  
sm all and th e  assumption given by ( i )  i s  th e re fo re  rea so n ab le .  
Assumption ( i i )  means t h a t  th e  m a te r ia l s  have no p re fe r r e d  d i r e c t i o n  
in  th e  u n s t re s se d  s t a t e .  This may not be t ru e  f o r  s o l i d  polymers 
bu t i s  v a l id  f o r  polymer m e lts .  Flow i s  a d i s s ip a t i v e  p rocess  and 
w i l l  no t be iso the rm a l in  g e n e ra l .  However as we s h a l l  show l a t e r  
tem peratu re  r i s e s  a re  sm all and iso therm al flow c o n d it io n s  can be 
assumed. , -
1 .4  Conservation Equations
The s o lu t io n s  to  iso the rm al flow problems must s a t i s f y  the  
equations  o f  c o n t in u i ty  and momentum. These equations  a re  d e r iv ed  
from c l a s s i c a l  mechanics and r e f l e c t  th e  p r in c ip le s  o f  co n se rv a tio n  
o f  mass and momentum. Middleman (1968) g ives th e  components o f  th e  
equa tions  in  r e c ta n g u la r  C a r te s ia n ,  s p h e r ic a l  p o la r  and c y l in d r i c a l  
p o l a r  c o -o rd in a te s .
1 .5 Steady Shear Flow
For an i s o t r o p ic  m a te r ia l  we need only  co n s id e r  flow in  
one d i r e c t io n .  Assuming an orthogonal co -o rd in a te  system E,i £2 ^3* 
then  we w i l l  take  the  ax is  in  th e  d i r e c t io n  o f flow and th e  £2 
ax is  p e rp e n d icu la r  to  the  sh ea rin g  s u r fa c e s .  Thus a s t a t e  o f  flow 
w i l l  be de fined  as s teady  shear o r  simple shear i f  th e  v e lo c i ty
- 3 -
h j  = g (52) . i
components take  th e  form .
V i  = V ! ( 5 2 ) ;  V 2  = v 3 = 0 1.4
and /  u i  u \
0 J 1.5
0 0 0 /
where G, th e  shear  r a t e ,  i s  a . s c a l a r  fu n c t io n  o f  £2 de fined
by 1 .5 . G w i l l  always be taken  as a p o s i t i v e  q u a n t i ty .  .
Thus th e re  are  a fam ily  o f  r i g i d  m a te r ia l  p la n e s ,  th e
sh ea r in g  s u r f a c e s ,  given by £2 = co n s ta n t .
I f  we conside r  a r o t a t i o n  of th e  axes about through 180( 
then  i t  fo llow s t h a t  (Lodge 1964):
P31 = P i 3 = P23  = P3 2  = 0 •
Thus th e  s t r e s s  te n so r  in  simple s h ea r  flow reduces to
P i j
Equation 1.7 r e p re se n ts  the  s t a t e  o f  s t r e s s  f o r  an 
i s o t r o p i c  m a te r ia l  in  s tead y  sh ea r  flow. For an incom press ib le  
m a te r ia l  th e  ab so lu te  v a lu e .o f  th e  normal s t r e s s  w i l l  be assumed to  
be o f  no rh e o lo g ic a l  s ig n i f ic a n c e .  However th e  d i f f e r e n c e  between 
th e  normal s t r e s s e s  a re  u n a ffe c ted  by th e  h y d r o s ta t i c  p re s su re  and 
depend only on th e  rh e o lo g ic a l  p r o p e r t ie s  of th e  m a te r ia l .  Thus 
th e re  are  only th re e  s t r e s s  q u a n t i t i e s  o f  rh e o lo g ic a l  s ig n i f i c a n c e ;  
two normal s t r e s s  d i f f e r e n c e s  and a t a n g e n t i a l  s t r e s s  p 2i* The 
normal s t r e s s  d i f f e r e n c e s  u s u a l ly  considered  a re  ( p ^  - P2 2 ) and 
(P2 2  “ P 3 3 ) • Thus in  s teady  sh ea r  flow th e  s t r e s s  q u a n t i t i e s  o f  
rh e o lo g ic a l  i n t e r e s t  a re
C P l l  - P2 2 ) > (P2 2  “ P 3 3 ) > -P2 1  C = P 1 2 ) 1-8
In s teady  shear flow th e  s t r e s s  q u a n t i t i e s  (1 .8 ) a re
P l l P 21 ° \
P 21 P 22 0 )
1 - 7
0 0 P 3 3 /
- 4 -
fu n c t io n s  of th e  shear  r a t e  de f ined  by
p2i = G n (G) 1.9
(P ll  “ P2 2 ) = a l (G) 1.-10
(P2 2  " V 3 3 )  ~ ° 2  (G) 1.11
where n, and cr2 are  fu n c tio n s  which completely d e sc r ib e  th e  
behaviour o f  th e  m a te r ia l  in  simple sh ea r  flow. They a re  c a l l e d  
m a te r ia ls  fu n c t io n s ,  n i s  the  v i s c o s i ty  o f  the  m a te r ia l .  For a 
Newtonian f l u i d  in  simple shear  flow ox = cr2 = 0 and n i s  a 
c o n s ta n t .
Measurements o f  n, 0 2  and a 2 fo r  a number o f  polymer 
m elts  a re  desc r ib ed  in  chap te r  3. The m a te r ia l  fu n c t io n s  w i l l  a lso  
depend on tem perature  bu t t h i s  e f f e c t  has no t been s tu d ie d  in  th e  
p re s e n t  in v e s t ig a t i o n .  The t r a n s i e n t  p ro p e r t i e s  o f  the  m a te r ia l s  
when s teady  sh ea r  flow i s  ap p lied  and removed have a lso  been 
in v e s t ig a te d  (chap ters  4, 5 and 6) in  a number o f flow s i t u a t i o n s .
No a ttem pt has been made to  take  in to  account th e  m olecu lar  
n a tu re  o f  the  polymers in  t h i s  in v e s t ig a t io n .  In s te ad  a 
; phenomenological approach has been adopted and the  experim ental
r e s u l t s  i n t e r p r e te d  iri terms o f  a number o f  continuum th e o r ie s  ____
(chap ter  7).
- 5 -
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FIGURE 2.1' ! V isc o s i ty  ve rsus  shear  r a t e  a t  230°C f o r  v a r io u s  
commercial th e rm o p la s t ic s  (Pezzin 1964).
□  gen era l  purpose p o ly s ty ren e
A  polycaprolactam
©  polym ethylm ethacry late  j-
i
X liigfi impact p o ly s ty ren e
Chapter 2 
LITERATURE REVIEW
2.1 In tro d u c t io n
Polymer m elts  d isp la y  both v iscous  and e l a s t i c  responses 
when su b jec ted  to  a s p e c i f i e d  s t r e s s  h i s to r y ,  i . e .  they  a re  e l a s t i c  
f l u i d s .  I t  i s  n ecessa ry ,  t h e r e f o r e ,  to  conside r both  th e se  responses 
i f  we are  to  unders tand  t h e i r  behaviour.
The flow p ro p e r t ie s  o f  polymer m elts  w i l l  be reviewed under 
th e  fo llow ing  headings:
( i )  V isco s i ty
( i i )  Normal s t r e s s  d i f f e r e n c e s  in  s tead y  sh ea r  flow
( i i i )  S t re s s  r e l a x a t io n  and s t r e s s  growth t
(iv )  E l a s t i c  recovery
(v) Die sw e ll .
These are  no t th e  only im portant p ro p e r t ie s  o f  polymer m elts  (see 
Lodge 1964), bu t they  a re  most r e le v a n t  to  th e  p re se n t  in v e s t ig a t i o n ,  
s in c e  they  a l l  invo lve  s teady  shear  flow a t  some tim e. The flow Of 
con cen tra ted  polymer so lu t io n s  i s  s im i la r  and d a ta  on th e se  systems 
w i l l  be c i t e d  where i t  i s  r e le v a n t .
\
f
2.2  V isco s i ty
The most obvious c h a r a c t e r i s t i c  o f  polymer m elts  i s  t h a t  
they  are  very  v iscous  f l u i d s ;  v i s c o s i t i e s  up to  107 p o ise  a re  no t 
uncommon in  some c ircum stances . However the  v i s c o s i ty  of th e se  
m a te r ia ls  i s  no t cons tan t but decreases  as the  sh ea r  r a t e  in c re a s e s .  
Typical v i s c o s i ty - s h e a r  r a t e  r e s u l t s  a re  shown in  f ig u r e  2.1 f o r  a 
number of commercial p l a s t i c s .  We see from f ig u re  2.1 t h a t  th e  r a t e  
a t  which the  v i s c o s i ty  decreases  w ith  sh ea r  r a t e  depends on th e
- 6 -
Flow Geometry Measurement
Normal S tre s s  
D iffe rence  
obta ined
Reference
A Cone-plate p re s su re  d i s t r i b u t i o n  
on p l a t e
■ci + 2a 2 Lodge (1964)
B C one-plate p re s su re  on p l a t e  a t  
rim
° 2 White § 
Metzner (1962)
C C one-plate t o t a l  t h r u s t  exer ted  
on p la t e
a l Lodge (1964)
D C one-plate t h r u s t  ex er ted  on 
c e n t r a l  p a r t  o f p l a t e
ai + 3a2 
(3 -geom etrica l 
f a c to r )
P o l l e t t  (1955)
E C one-plate  with 
f i n i t e  gap
t o t a l  t h r u s t  on p la t e  
as fu n c t io n  o f  gap 
s iz e
G dai + 0 2  
dG
Jackson § 
Kaye (1966)
F P a r a l l e l -
p la t e
p re s su re  d i s t r i b u t i o n  
on p l a t e
a i+ a 2+Gda2
dG
Lodge (1964)
G P a r a l l e l -
p la t e
p re s su re  on p l a t e  a t  
rim
a 2 White § 
Metzner (1962)
H P a r a l l e l -
p la t e
t o t a l  t h r u s t  exer ted  on 
p l a t e  as a fu n c t io n  of 
angu lar  v e lo c i ty  .
a i - a 2 White §
Metzner (1962).
I Coaxial 
c y l in d e r  
(small gap)
d i f f e r e n c e  between 
p re s su re s  ex er ted  on 
in n e r  § o u te r  c y l in d e r
a i Lodge (1964).
J Coaxial 
c y l in d e r  
( la rg e  gap)
d i f f e r e n c e  between 
p re s su re s  ex er ted  on 
in n e r  § o u te r  cy lin d e rs  
as a fu n c t io n  of 
angu lar  r o t a t i o n
Qi White §
Metzner (1962}
K Axial annular 
flow
p re s su re  d i f f e r e n c e  
between in n e r  § o u te r  
w alls  a t  co n s tan t  
a x ia l  p o s i t io n
° 2 Huppler (1965)
\CO
c z
=>
1_
TO
la
<c
CL
4
3
31 — 0 1 2
Strain
CO
c z . a
£2<+•*
laL.
<c
■1 - 0 1 2 3
Strain
FIGURE 2.2 Schematic r e p re s e n ta t io n  o f  'R heo log ica l breakdown1 
( P o l l e t t  * 1955) a t  shear r a t e s  G_^ G2  and G3 ,
polymer type and in  a l l  cases the  v i s c o s i ty  tends to  a cons tan t 
va lue  a t  low shear  r a t e s .  The v i s c o s i ty  a lso  depends on the  
m olecular s t r u c tu r e  (B atchelor 1966).
2 .3  Normal S tre s s  D iffe rences  in  Steady Shear Flow
The theory  and assumptions underly ing  the  techn iques  f o r  
measuring the  normal s t r e s s  d i f f e r e n c e s  have been reviewed by Lodge 
(1964) and White § Metzner (1962). A summary of the  methods 
suggested  f o r  e v a lu a t in g  th e se  q u a n t i t i e s  exper im en ta lly  i s  g iven in  
ta b le  2 .1 .
Methods have been proposed f o r  e v a lu a t in g  normal s t r e s s e s  
d i f f e r e n c e s  from th e  t h r u s t  or j e t  dimensions in  c a p i l l a r y  flow 
(White § Metzner 1962). .These techn iques  a re  based on a momentum 
b a lan ce ,  which we s h a l l  see  l a t e r  ( s e c t io n  2.6) in  th e  d is c u s s io n  on 
d ie  sw ell i s  not a p p l ic ab le  to  polymer m e lts .  For t h i s  reason  
they a re  not inc luded  in  t a b le  2.1 or th e  p re se n t  d is c u s s io n .
There i s  only a l im i te d  amount of d a ta  a v a i la b le  in  th e  
l i t e r a t u r e  on normal s t r e s s  d i f f e r e n c e s  in  polymer m e lts .  In a l l  
cases th e  s t r e s s e s  were ev a lua ted  from measurements o f  t o t a l  t h r u s t  
(C, D, H ta b le  2 .1 ) .  This i s  probably  because i t  i s  d i f f i c u l t  to  
measure p o in t  p re s su re s  a c c u ra te ly  in  polymer m e lts ,  p a r t i c u l a r l y  a t  
e lev a ted  tem pera tu res .
The f i r s t  r e s u l t s  on polym er.m elts  seemed to  have been 
pub lished  by P o l l e t t  (1955). He eva lua ted  ay and a 2 from t o t a l  t h r u s t  
measurements in  a co n e-p la te  rheometer (C, D), and concluded th a t  
a 2 = 0 f o r  a low d e n s ity  po lye thy lene  a t  128°C. P o l l e t t  a lso  found 
a t  shear  r a t e s  above 1 sec  1 , t h a t  ay and p 2j were dependent no t only 
on th e  shear r a t e  b u t on th e  ab so lu te  magnitude o f  th e  s t r a i n .  This 
i s  shown d iagram m atica lly  in  f ig u r e  2 .2 and i s  r e v e r s i b le  on r e s t i n g .
This apparent th ix o t r o p ic  behaviour has been r e f e r r e d  to  
as ' r h e o lo g ic a l  breakdown' ( P o l l e t t  1955, Cooper,, Khanna § P o l l e t t  
1968), and i s  a t t r i b u t e d  to  a s t r u c t u r a l  breakdown of the  polymer 
network. However in  th e se  experiments th e re  was a lo ss  o f  sample 
from the  apparatus which in d ic a te s  th a t  s tead y  sh ea r  co n d it io n s  were 
d is ru p te d .  King (1966) noted t h a t  time dependent e f f e c t s  in  
po lye thy lene  were accompanied by a .v i s ib le  break-up o f  the  sample a t  
th e  edge.
Hutton (1963) has exp la ined  the  e f f e c t  shown in  f ig u r e  2.2 
in  terms o f a f r a c tu r e  mechanism. He suggests  t h a t  th e  f r a c tu r e  
s t a r t s  a t  the  p e r ip h e ry  and grows r a d i a l l y  inwards reducing  the  
e f f e c t iv e  a rea  and consequently  th e  measured s t r e s s e s .  This 
ex p lan a tio n  i s  in  g en era l  agreement w ith  the  o b serv a t io n s .  The 
s t r u c t u r a l  breakdown mechanism proposed by P o l l e t t  need not be 
excluded e n t i r e l y ,  b u t  i t  appears to  be small compared w ith  the  
f r a c t u r e ' e f f e c t s .
Benbow § Howells (1961) have measured in  a co n e -p la te  
v iscom eter (method C) f o r  a s e r i e s  of p o ly d im e th y ls i lo x a n es . They 
f in d  t h a t  cr^  i s  o f  the  same o rder  o f  magnitude as p 21 and in c re a se s  
more r a p id ly  w ith  shear  r a t e .  Furthermore c?i tends to  a square  
dependence on sh ea r  r a t e  as the  sh ea r  r a t e  tends to  zero . These 
r e s u l t s  a re  c o n s is te n t  w ith  King 's d a ta  on p o ly e th y len e .
M eissner (1967a, 1967b) ev a lua ted  a j  and a 2 f o r  a p o ly e th y ­
lene from t o t a l  t h r u s t  in  a co n e -p la te  and p a r a l l e l  p l a t e  v iscom ete r  
(C, H ). He found th a t  cr2 >0 a t  low sh ea r  r a t e s  and th e  converse a t  
th e  h igh r a t e s .  However, th e se  r e s u l t s  were ob ta ined  under 
cond itions  where time e f f e c t s  d iscu ssed  above are  o ccu rr ing  and they  
may not be r e le v a n t .
Although the  a v a i la b le  in fo rm ation  on polymer m elts  i s  
l im i te d ,  th e re  i s  a great: dea l o f  pub lished  d a ta  on co n cen tra ted
TABLE 2.2
Summary o f pub lished  d a ta  f o r  cr?
Reference Method(see Table 2.1) F lu id R esu lts
\
P o l l e t t  (1955) C, D low d e n s i ty  p o lye thy lene O'2”0
Meissner (1967a) 
(1967b)
C, H branched po lye thy lene a2<0 f o r  G ^O.lsec"1 
C2>0 f o r  G>0.1sec-1
Greensmith § 
R iv l in  (1953)
F, G p o ly i s o b u ty le n e - t e t r a l in
s o lu t io n s
O2>0
Roberts (1954, 
1957)
A, B p o ly i s o b u ty le n e - t e t r a l in
s o lu t io n s
0 2=0
Markovitz § 
Williamson (1957)
A, C p o ly iso b u ty le n e -d e c a l in
s o lu t io n s
N> I
I O
Adams § Lodge 
(196.4)
A, B, F p o ly iso b u ty le n e -d e c a l in
s o lu t io n s
0 2  from F >
0 2  from B > 0
Ginn § Metzner 
................. (1965)
C, H p o ly iso b u ty le n e -d e c a l in
s o lu t io n s
O2<0 f o r  G<7sec._1 
0 2 = 0  f o r  G>7sec.-1
Markovitz § Brown 
(1963)
A, F p o ly iso b u ty le n e -ce ta n e
so lu t io n s
o 2 > 0
Markovitz (1966) A, F, J p o ly iso b u ty len e -ce tan e
s o lu t io n s
good agreement 
between methods 
0<o2 $ 0 .4 o i
Jackson §  Kaye 
(1966)
C, E, H high  m olecu lar weight 
p o ly iso b u ty len e  in  low 
m olecu lar weight 
po ly iso b u ty len e
good agreement 
between methods 
0>o2 ; - 0.5Of
Broadbent, Kaye, 
Lodge §  Vale,
(1968)
A,B, C, F h igh  m olecu lar weight 
p o ly iso b u ty len e  in  low 
m olecu lar weight 
po ly iso b u ty len e
r e s u l t s  c o n s is te n t  
0>O2 54 " 0.07O!
Kotaka, Kurata §  
Tamura (1959)
F, G some c e l lu lo s e  polymers 
in  w ater
o2=0
Huppler (1965) K some c e l lu lo s e  polymers 
in  w ater
o 2>0
v a lu es  from 7 to  
2 0 %  of O j  quoted
polymer s o lu t io n s  (see Lodge 1 9 6 4 ) .’ Most of the  techn iques  
summarised in  t a b le  2.1 have been used to  ev a lu a te  th e  normal s t r e s s  
d i f f e r e n c e s  in  th e se  systems. /
I t  i s  g e n e ra l ly  agreed th a t  0 } i s  o f  th e  same o rder  as P2 1  
and depends on th e  square o f sh ea r  r a t e  (Markovitz 1966, Ginn §
Metzner 1965). However, th e re  i s  some disagreem ent about th e  value  
of a 2 'y even where d i f f e r e n t  workers have used the  same polymer-
so lv en t  system. .
A summary o f the  pub lish ed  d a ta  on in  a number o f
>
systems i s  shown in  t a b le  2 .2 . We see t h a t  th e re  i s  a g re a t  dea l of 
disagreem ent between d i f f e r e n t  techn iques  and va lues  o f  a 2 from -0 .5  
a i  to  +0.4 ffj have been re p o r te d .
Recently  Broadbent, Kaye, Lodge § Vale (1968) have sugges ted  
a reason  f o r  th e  in c o n s i s te n c ie s  observed by Adams § Lodge (1964).
They suggest t h a t  in  p re s su re  d i s t r i b u t i o n .apparatus  the  p re s su re  
tapp ings  in  th e  p l a t e  g ive r i s e  to  a sy s tem a tic  e r r o r  in  the  
measurements. A simple th eo ry  i s  proposed to  take  t h i s  in to  account 
and they  f in d  t h a t  th e  p re s su re  a r i s in g  from th e  ho le  i s  l a r g e r  than  
p 2i • T he ir  d a ta  c o r re c ted  f o r  t h i s  e r r o r  gave c o n s is te n t  r e s u l t s  as
1
shown in  t a b le  2 .2 arid th e  disagreem ent observed by Adams § Lodge 
(1964) was re so lv ed .  However the  co r re c ted  d a ta  f o r  a 2 i s  s t i l l  in  
d isagreem ent w ith  Jackson $ Kaye’s (1966) t o t a l  t h r u s t  d a ta  on th e  
same s o lu t io n .  '
The e r ro r s  found by Broadbent e t  a l  in  p re s su re  d i s t r i b u t i o n  
measurements suggest t h a t  much o f  the  d a ta  in  t a b le  2 .2 may be 
su sp e c t .  Obviously th e re  i s  a need f o r  f u r th e r  d a ta  on a 2 , 
p a r t i c u l a r l y  in  polymer m e lts .
2'. 4 S tre s s  R elaxa tion  and S tre s s  Growth
When a polymer m elt or s o lu t io n  i s  su b jec te d  to  a c e r t a i n
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flow h i s to r y  and then h e ld  a t  co n s tan t  shape the  s t r e s s e s  do not 
become zero in s ta n ta n e o u s ly  (Lodge 1964) bu t decreases  to  zero w ith  
tim e. This i s  c a l l e d  s t r e s s  r e l a x a t i o n . S im ila r ly  i f  a co n s tan t  
sh ea r  r a t e  i s  ap p lied  to  the  m a te r ia l  a t  r e s t  then  th e  s t r e s s e s  do 
no t immediately a t t a i n  a s te a d y  v a lu e .
The behav iour d e sc r ib ed  above i s  shown d iag ram m atica lly  
in  f ig u r e  2 .3 ,  where th e  responses  of an e l a s t i c  s o l i d  and a 
v iscous  f l u i d  a re  a lso  shown f o r  comparison. We see t h a t  the  
response  o f polymer m elt i s  p a r t l y  e l a s t i c  and p a r t l y  v iscous  and 
i t  i s  an example o f  th e  v i s c o e l a s t i c  n a tu re  o f  th e  m a te r i a l .
S h e a r . s t r e s s  r e l a x a t i o n  a f t e r  s tead y  sh ea r  flow a t  low 
sh ea r  r a t e s  has been s tu d ie d  e x te n s iv e ly  in  co ax ia l  c y l in d e r  and 
c o n e rp ia te  v iscom eters  (Ferry 1961, P e t ic o la s  1961, 1963). Under 
th e se  co n d it io n s  th e  f l u i d  v i s c o s i t y  was c o n s tan t  and th e  r a t e  o f  
r e l a x a t i o n  independent o f  th e  ap p lied  sh ea r  r a t e .
Schremp, Ferry  § Evans (1951) determ ined the  e f f e c t  o f  th e  
s tead y  sh ea r  r a t e  on th e  sh ea r  s t r e s s  r e l a x a t i o n  p r o p e r t i e s  o f  some 
polymer s o lu t io n s  us ing  a c o ax ia l  c y l in d e r  a p p a ra tu s ;  They concluded 
t h a t  th e  r e l a x a t io n  occurred  more r a p id ly  as th e  s teady  sh ea r  r a t e
t
in c re a s e d .  These r e s u l t s  were r e c e n t ly  confirmed .by Huppler e t  a l  
(1967).
Vinogradov § Belkin (1965) s tu d ie d  th e  growth o f  th e  sh ea r  
s t r e s s  in  p o ly e th y len e  and p o ly s ty re n e  m elts  when a c o n s ta n t  s h ea r  
r a t e  i s  ap p lied  to  th e  f l u i d  a t  r e s t .  They found t h a t  th e  growth was 
f a s t e r  as th e  sh ea r  r a t e  in c re a se d .  At h ig h e r  sh ea r  r a t e s  th e  s t r e s s  
went through a maximum b e fo re  s e t t l i n g  to  a co n s ta n t  v a lu e ,  th e
J
amount o f  overshoot in c re a s in g  as the  sh ea r  r a t e  in c re a se d  ( f ig u re  
2 .4 ) .  S im ila r  r e s u l t s  were ob ta ined  by Huppler e t  a l  (1967). P o l l e t t  
(1955) and Cooper, Khanna § P o l l e t t  (1968) a l s o  observed a maximum
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( f ig u re  2 .2 ) ,  bu t  the  s t r e s s e s  d id  not reach  a constan t va lue  and 
the  e f f e c t s  were much l a r g e r  than  observed by Vinogradov § Belkin. 
P o l l e t t ' s  r e s u l t s  have a lready  been d iscussed  in  s e c t io n  2.3  and are  
p o s s ib ly  due to  o th e r  e f f e c t s .
Very few r e s u l t s  have been pu b lish ed  on th e  growth and 
r e l a x a t io n  p ro p e r t ie s  o f  normal s t r e s s e s .  Freeman § Weissenberg 
(1948), Benbow § Howells (1961) and Huppler e t  a l  (1967) have shown 
t h a t  cri re la x e s  and grows more slowly than  P2 i* Huppler e t  a l  a lso  
re p o r te d  t h a t  th e  r e l a x a t io n  and growth o f  ctj; was more ra p id  as th e  
s teady  shear  r a t e  in c re a se d .  There was a lso  some overshoot observed 
a t  h ig h e r  sh ea r  r a t e s , b u t i t  was le s s  than  th e  overshoot re p o r te d  
f o r  p 21.
I t  i s  g e n e ra l ly  agreed th a t  p 2j  grows and r e la x e s  much 
f a s t e r  th a t  a j  and both  s t r e s s e s  grow and decay f a s t e r  as th e  sh ea r  
. r a t e  i s  in c reased .  F in a l ly  th e re  i s  some evidence t h a t  a t  h ig h e r  
shear  r a t e s  the  s t r e s s e s  overshoot be fo re  reach ing  a co n s tan t  v a lu e .
2.5 E l a s t i c  Recovery
I f  the  shear  s t r e s s  i s  removed from a polymer m elt which 
has been su b jec ted  to  a c e r t a in  flow h i s to r y ,  the  m a te r ia l  changes 
shape. This behaviour i s  known as e l a s t i c  or shear r e c o v e ry .
S im ila r ly  when a constan t shear  s t r e s s  i s  ap p lied  to  th e  m a te r ia l  a t  
r e s t  then  th e  shear  r a t e  does not immediately reach  a s tead y  v a lu e .
This behaviour i s  shown diagram m atica lly  in  f ig u r e  2.5 
compared w ith  the  responses o f  an e l a s t i c  s o l i d  and v iscous f l u i d .
We see t h a t  t h i s  behaviour i s  ano ther example o f  the  v i s c o e l a s t i c  
n a tu re  of polymer m elts .
E l a s t i c  recovery  fo llow ing  s teady  shear flow can be e i t h e r  
c o n s tra in ed  or f r e e  (Lodge 1964). In  c o n s tra in ed  recovery  th e  boundaries  
a re  f ix ed  so t h a t  th e re  i s  no s e p a ra t io n  of the  sh ea r in g  s u r f a c e s .
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The f lu i d  then  recovers  in  the  opposite  d i r e c t io n  to  the  p rev ious  
shear  flow. This occurs in  the  conven tional r o t a t i o n a l  v iscom eters  
such as the  co n e-p la te  and co ax ia l  c y l in d e r .  The w alls  of the  
appara tus  a c t  as a c o n s t r a in t  but one o f  the  boundaries must be f r e e  
to  r o t a t e  when the  s t r e s s  i s  rem oved.. I f  th e  f l u i d  i s  unco n stra in ed  
when the  s t r e s s  i s  removed recovery  can take  p lace  in  a l l  c o -o rd in a te  
d i r e c t io n s ;  t h i s  i s  c a l le d  f r e e  recovery .
In a c o n s tra in ed  recovery  experiment the  change of shape i s  
s p e c i f i e d  by the  q u a n t i ty  , th e  reco v erab le  s t r a i n  or e l a s t i c  
r e c o v e ry . Y^ i s  simply th e  t o t a l  amount of shear s t r a i n  recovered .
A v a r i e ty  of experim ental techn iques  have been used to  
measure reco v erab le  s t r a i n .  Ferry  (1942), and P h i l ip p o f f  and h is  
co-workers (see P h i l ip p o f f  1962) used co ax ia l  c y l in d e r  v iscom eters  to  
determine the  e f f e c t  o f  shear  r a t e .  Other measurements have been 
c a r r ie d  out on polymer m elts  us ing  cone-cone (Boyd 1957) c o n e -p la te  
(Benbow § Howells 1 9 6 1 ) , .and b ic o n ic a l  rheometers (Rosen § Rodriguez 
1965, Best § Rosen 1968). In a l l  cases Y^ in c reased  w ith  sh ea r  r a t e .
The th e o r ie s  o f  Weissenberg (1947) and Lodge (1964) p r e d ic t  
t h a t  Yco i s  r e l a t e d  to  th e  s teady  shear flow p ro p e r t ie s  o f  th e  m a te r ia l .  
The r e l a t io n s h ip  takes  the  form
Too - = k ° l /P 2 I  2.1
where k = 1 fo r  the  Weissenberg theory  and k = 0.5 f o r  th e  Lodge 
th eo ry .
The th e o r ie s  have been checked by P h i l ip p o f f  (1962), Benbow 
§ Howells (1961), and Khanna § P o l l e t t  (1966). The r e s u l t s  are  
c o n f l i c t in g .  P h i l ip p o f f  ob ta ined  good agreement with W eissenberg 's  
theory  fo r  a la rg e  number o f polymer s o lu t io n s .  Benbow § Howell’s 
r e s u l t s  f o r  some s i l i c o n e  polymers agreed w ith  Lodge’s p re d ic t io n s  
i . e .  k = 0 .5 .  However Khanna § P o l l e t t  quoted a va lue  k = 0 . 6 . to  0 .7 .
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f o r  po lye thy lene  and p l a s t i c i s e d  p o ly v in y lc h lo r id e . C le a r ly  
th e re  i s  a need f o r  f u r th e r  d a ta  to  re so lv e  th ese  d is c re p a n c ie s .
The response of molten p o lye thy lene  when a c o n s tan t  sh ea r  
s t r e s s  i s  ap p lied  was examined by Dexter (1954). He found th a t  th e  
s tead y  s t a t e  co n d itio n s  were reached more r a p id ly  as the  s t r e s s  
in c re a se d .  Dexter de f ined  a q u a n t i ty  c a l l e d  ' t o t a l  e l a s t i c  sh ea r  
s t r a i n ' . This i s  th e  i n t e r c e p t  on the  s t r a i n  ax is  o f  the  e x t r a ­
p o la te d  s t r a i g h t  l in e  (s teady  s t a t e )  p o r t io n  o f  the  s t r a in - t im e  p l o t .
He found th a t  t h i s  q u a n t i ty  in c reased  with the  a p p lied  s t r e s s .
Kataoka (1968) found th a t  i t  was equal t o !yto a t  low sh ea r  s t r e s s e s .
Weber•§ Bauer (1956) and Kapoor (1963) have dem onstrated 
c o n s tra in ed  recovery  in  c a p i l l a r y  flow when the  ap p lied  s t r e s s  i s  
removed. Because o f the  complex sh ea r  d i s t r i b u t i o n  i n  t h i s  geometry 
i t  i s  d i f f i c u l t  to  i n t e r p r e t  th e se  ob se rv a tio n s  in  terms o f  the  
reco v e rab le  sh ea r .
I t  i s  almost im possib le  to  c a r ry  out f r e e  recovery  
ex p er im en ta l ly ;  th e  v iscom eter w a lls  would have to  be removed a t  th e  
same time as the  s t r e s s .  P o l l e t t  (1958) a ttem pted  to  s im u la te  f r e e  
recovery  by r a p id ly  coo ling  th e  apparatus  a f t e r  s t r a i n i n g  f o r  a p e r io d  
to  ' f r e e z e '  any s t r a i n s  in  the  sample. The ' f r o z e n '  sample was then  
removed and reh ea ted  to  th e  t e s t  tem perature  and allowed to  reco v e r  
under u n constra ined  c o n d i t io n s .  The sample ( p l a s t i c i s e d  p o ly v in y l ­
ch lo r id e )  expanded normal to  th e  d i r e c t io n  of th e  p rev ious  sh ea r  flow 
(£2 ) and recovered  some shape in  the  oppos ite  d i r e c t i o n  to  th e  
p rev ious shear  flow (£1 ) . '  There was a lso  some evidence f o r  expansion 
in  th e  t h i r d  c o -o rd in a te  d i r e c t io n .  These o b se rv a tio n s  a re  c o n s i s t e n t  
w ith  Lodge's (1958) th e o ry ,  and a re  s im i la r  to  th e  d ie  sw ell  
phenomenon which occurs when polymer m elts  are  ex truded . However th e  
recovery  cond itions  under which d ie  sw ell  occurs w i l l  no t be com pletely
f r e e  and are  c e r t a in l y  more complicated than  d esc r ibed  above.
2 . 6  Die Sw ell:,
A l iq u id  j e t  emerging from a c i r c u l a r  tubes  changes in  
shape. Barus (1893) f i r s t  commented on t h i s  behaviour w ith a 
m a te r ia l  c a l le d  marine g lue . L a te r  M errington (1943) re p o r te d  th e  
r e s u l t s  of experiments with some rubber so lu t io n s  and found t h a t  the  
ex tru d a te  d iam eter was g r e a te r  than  the  tube d iam eter ,  in c re a s in g  
w ith  the  r a t e  of flow. Spencer $ D illon  (1948) ob ta ined  .s im ila r  
r e s u l t s  w ith  a p o ly s ty ren e  m elt.  S im ila r  e f f e c t s  occur through d ie s  
o f  o th e r  shapes. This expansion i s  c a l l e d  th e  'Barus e f f e c t ’ or more 
u s u a l ly  'd i e  s w e l l ' .  With polymer m elts  the  expansion i s  la rg e  and 
va lues  up to  150 - 200% have been re p o r te d  by, fo r  example, Vinogradov 
§ Prozorovskaya (1967). Die sw ell i s  im portant in  polymer m elt 
e x tru s io n  where p ro v is io n  must be made fo r  the  expansion when d ie s  are  
designed.
Barus suggested  t h a t  th e  change in  shape was due to  th e  
c o m p re ss ib i l i ty  of the  f l u i d .  This was in d ic a te d  to  some e x te n t  in  
h is  v i s c o s i ty  r e s u l t s  which depended on th e  app lied  p re s s u re .  I f  t h i s  
were th e  so le  reason la rg e  in c re a se s  in  volume would have to  occur to  
account f o r  the  d ie  sw ell in  polymer m e lts ,  which im plies  h igh  
c o m p re ss ib i l i ty  o f  the  m a te r ia l s .  Spencer § Gilmore (1950) showed 
t h a t  the  c o m p re ss ib i l i ty  o f  polymer m elts  i s  sm all and i t  can be 
n eg lec ted  f o r  p r a c t i c a l  purposes.
There i s  some evidence t h a t  d ie  s w e l l ! i s  a s s o c ia te d  w ith  the  
e l a s t i c  n a tu re  of polymer m elts  and s o lu t io n s .  For example, Lodge 
(1964) extruded a Newtonian f l u i d  and an e l a s t i c  f l u i d  through a tube  
under nominally the  same c o n d it io n s .  The f l u i d  v i s c o s i t i e s  were 
s im i la r  but with the  e l a s t i c  f l u i d  d ie  sw ell was observed. Furtherm ore 
Rosen § Rodriguez (1965) found t h a t  d ie  sw ell in c reased  w ith the
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e l a s t i c  recovery  of the  m a te r ia l .  Thus e l a s t i c i t y  does seem to  have 
some b ear ing  on d ie  sw e l l .  However we s h a l l  see l a t e r  t h a t  under 
c e r t a in  co n d itio n s  d ie  sw ell i s  ob ta ined  w ith Newtonian f l u i d s ,  bu t 
th e  e f f e c t  i s  no t so pronounced.
Clegg (1958) found th a t  the  d ie  sw ell o f  p o ly e th y len e  m elts  
a t  co n s tan t shear r a t e  decreased  w ith  in c re a s in g  tube  leng th  and 
decreasing  d ie  e n try  ang le . S im ila r  r e s u l t s  were ob ta ined  by 
M etzner, Carley § Park (1960) and Bagley, S torey  § West (1963). These 
ob serva tions  can be exp la ined  q u a l i t a t i v e l y  by a 'memory e f f e c t 1. A 
f l u i d  element e n te r in g  th e  tube  decreased  in  d iam eter and in c re a se d  in  
len g th .  At th e  e x i t  an e l a s t i c  l iq u id  remembers some o f  i t s  re c e n t  
s t r a i n  h i s to r y  and w i l l  tend  to  recover some o f i t s  o r ig in a l  shape, 
i . e .  d ie  sw ell occurs. The amount of recovery  w i l l  depend on th e  
dwell time in  th e  tube  and th e  s t r a i n  induced in  th e  e n try  re g io n .
Thus d ie  sw ell  w i l l  decrease  w ith  in c re a s in g  tube leng th  and 
decreasing  entry, ang le . Lodge (1964) demonstrated t h a t  t h i s  i s  no t  
th e  complete ex p lan a tio n .  He allowed an e l a s t i c  f l u i d  to  remain in  
th e  tube f o r  much longer than  i t s  r e l a x a t io n  time b e fo re  e x tru d in g ,  
and d ie  sw ell  was s t i l l  o b ta ined . Metzner, Carley § Park (1960) 
showed t h a t  i f  the  tube i s  long enough d ie  sw ell i s  independent o f  
tube  len g th .  Some o th e r  ex p lan a tio n  i s  needed in  th e se  cases .
Spencer § D il lo n  (1948) in v e s t ig a te d  th e  d ie  sw ell 
c h a r a c t e r i s t i c s  o f  molten p o ly s ty re n e .  They suggested  t h a t  d ie  sw ell 
was a measure o f  th e  e l a s t i c  s t r a i n  im parted to  th e  f l u i d .  Applying 
th e  theory  of rubber e l a s t i c i t y  (T re loar  1958) which p r e d ic t s  Hooke's, 
law in  sh e a r ,  they c a lc u la te d  a sh ea r  modulus which agreed w ith  th a t  
ob ta ined  from m olecular c o n s id e ra t io n s .  The agreement may be 
f o r t u i t o u s ,  s in ce  rubber e l a s t i c i t y  theory  p r e d i c t s ,  and experim ents 
confirm , t h a t  the  modulus i s  p ro p o r t io n a l  to  tem p e ra tu re ,  bu t  the  
va lues  c a lc u la te d  from th e  d ie  sw e ll  were independent o f  tem p era tu re .
\
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Bagley, S torey § West (1963) s tu d ie d  the  e f f e c t  o f  tube 
leng th  on th e  d ie  sw ell of a low d e n s i ty  p o ly e th y len e .  They assumed 
th a t  t h e i r  r e s u l t s  could be accounted f o r  by a memory e f f e c t  a r i s in g  
from a ty p ic a l  r e l a x a t io n  p ro c e ss .  An exponen tia l  r e l a t i o n s h ip  was 
assumed and an em p ir ica l  equation  f i t t e d  to  th e  d a ta .  The co n s tan ts  
in  t h i s  equation  are  p o s s ib ly  r e l a t e d  to  th e  r e l a x a t io n  p r o p e r t ie s  of 
th e  polymer melt in  a com plicated manner, bu t t h i s  approach does not 
prov ide  any s i g n i f i c a n t .unders tand ing  o f d ie  sw e l l .
McIntosh (1960) found t h a t  d ie  sw ell o f  a carboxymethyl- 
c e l lu lo s e  s o lu t io n  passed  through a maximum when p lo t t e d  a g a in s t  sh ea r  
s t r e s s  a t  th e  w a l l ,  e v en tu a l ly  tend ing  to  a c o n tra c t io n  a t  h igh 
s t r e s s e s .  Middleman § Gavis (1961b) ob ta ined  s im i la r  r e s u l t s  w ith  
some p o ly iso b u ty len e  s o lu t io n s .  No maximum has been observed fo r  
polymer m e lts ,  probably  because a t  h igh  sh ea r  r a t e s  m elt f r a c tu r e  
occurs (T orde lla  1956) and d ie  sw ell d a ta  a re  m eaningless . The 
c o n tra c t io n  i s  due to  i n e r t i a  and would occur a t  a l l  sh ea r  r a t e s  i f  
t h i s  was the  only c o n s id e ra t io n  (H arris  1963).
McIntosh a t t r i b u t e d  d ie  sw ell  to  th e  recovery  o f  e l a s t i c  
s t r a i n  im parted to  th e  f l u i d  during  i t s  passage through th e  tube . 
Although t h i s  may be reasonab le  th e  assumed recovery  mechanism i s  
u n r e a l i s t i c  and th e  subsequent t h e o r e t i c a l  a n a ly s is  u n s a t i s f a c to r y .  
Since i t  d isp layed  re ta rd e d  e l a s t i c  behaviour McIntosh used a Voigt 
model to  i n t e r p r e t  h is  r e s u l t s .  This model i s  u n s a t i s f a c to r y  as i t  
assumes l i n e a r  v i s c o e l a s t i c  behaviour and has only one r e t a r d a t io n  
tim e. Furthermore s in ce  shear s t r a i n  in  a Voigt model in c re a se s  w ith  
tim e, th e  theory  p re d ic t s  t h a t  d ie  sw ell (a t  cons tan t c a p i l l a r y  
diam eter and volume r a t e  o f  flow) in c re a se s  as the  c a p i l l a r y  len g th  
in c re a s e s ,  co n tra ry  to  a l l  pub lished  d a ta .  This would seem to  
in v a l id a te  the  t h e o r e t i c a l  approach of McIntosh.
The th e o r ie s  d iscussed  so f a r  have been derived  e m p ir ic a l ly
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and do not lead to  any r e a l  unders tand ing  of d ie  sw e ll .  They have 
not taken  in to  account th e  normal s t r e s s e s  a c t in g  in  a flowing 
polymer m elt.
Gaskins § P h i l ip p o f f  (1959) suggested  th a t  d ie  sw ell 
measurements would be a u s e fu l  techn ique  fo r  determ ining  normal 
s t r e s s e s  a t  h igh shear r a t e s .  They analysed the  flow by us ing  an 
energy balance  approach. This w a s - in co rrec t  in  p r in c ip le  s in ce  the  
v e lo c i ty  rearrangem ent a t  th e  tube e x i t  i s  a d i s s ip a t iv e  p rocess  and 
t h i s  was ignored in  the  t h e o r e t i c a l  t re a tm e n t .
Metzner e t  a l  (1961) gave an a n a ly s is  of the  l iq u id  j e t  
based on a momentum b a lan ce .  T he ir  o b je c t  was to  d e r iv e  an 
exp ress ion  fo r  c a lc u la t in g  o \  from the  f i n a l  ex tru d a te  d iam eter .  
Conversely i f  t h i s  approach i s  v a l id  we can p r e d ic t  d ie  sw e ll  from 
a \ .  The change in  momentum f lu x  between the  tube e x i t  and downstream 
.where the  v e lo c i ty  p r o f i l e  i s  f l a t  i s  equated to  any e x te rn a l  f o r c e s .  
Since t h i s  method appears to  have been r ig o ro u s ly  developed and 
a t t r a c t e d  a g re a t  d ea l o f  a t t e n t i o n ,  we w i l l  d iscu ss  the  th e o ry  in  
some d e t a i l .
Let us assume a c y l in d r i c a l  p o la r  co -o rd in a te  system 
z, r ,  6 (eq u iv a len t  to  £*, £ 2  an<3 £ 3  r e s p e c t iv e ly ) ,  where z i s  the  
a x ia l  c o -o rd in a te ,  r  i s  the  r a d i a l  c o -o rd in a te  and 6 i s  o r thogonal 
to  r  and z. The c a p i l l a r y  ax is  i s  given by r ,=  0 and th e  w all  r  = R; 
z = 0 a t  the  c a p i l l a r y  en trance  and z = L a t  th e  e x i t .  Thus R and L 
a re  the  c a p i l l a r y  ra d iu s  and len g th  r e s p e c t iv e ly .
N eglecting su rfa ce  and g r a v i t a t i o n a l  fo rces  th e  b a s ic  
equation  in  the  a x ia l  d i r e c t io n  i s
R R
0 0
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where p i s  the  f l u i d  d e n s i ty ,  Rj i s  the  f i n a l  ex tru d a te  ra d iu s  and 
V-j i s  the  f i n a l  uniform v e lo c i ty  of the  e x tru d a te .  Vj may be 
e l im in a ted  by the  equation  of c o n t in u i ty
Vj = Q/ nR j 2 2.3
where Q i s  the  volume r a t e  o f  flow. The atmospheric p re s su re  i n  2.2 
i s  assumed to  be zero .
Metzner assumed th a t  s teady  shear  flow co n d itio n s  e x i s t  a t  
the  e x i t  p lane (z = L) thus th e  v e lo c i ty  components are
v e = vr  = 0; Vz = v z ( r )  2.4
The sh ea r  r a t e  G i s  g iven by (Lodge 1964)
G “ dvz 2 . 5
dr
The i n t e g r a l  on the  l e f t  hand s id e  o f 2.2 i s  determ ined by
the  v i s c o s i t y  c h a r a c t e r i s t i c s . o f  th e  f l u i d .  This term can be
eva lua ted  n u m erica l ly , bu t  i t  i s  more convenient to  r e p re s e n t  th e  shear  
s t r e s s  - shear  r a t e  d a ta  by an em pir ica l  equation  and o b ta in  an 
a n a ly t i c a l  s o lu t io n .  Metzner chose a 'power law 1
p 2 1  = KGN 2 . 6
where K and N are  m a te r ia ls  c o n s ta n ts .  N i s  le s s  than  u n i ty  fo r  
polymer m e lts .  The shear s t r e s s  i s  p ro p o r t io n a l  to  th e  d is ta n c e  
from the  tube  ax is  (Lodge 1964), thus i t  fo llow s th a t
P2 l (* )  r------------ = —  . 2 .7
p 2 1 (R) R
To ev a lu a te  the  i n t e g r a l  on th e  r i g h t  hand s id e  o f 2.2
Metzner assumed th a t
a 2 = 0 2 . 8
P l l  (Oj L) = 0 2.9
where p n  (0,L) denotes the  value  of p 2i a t  r  = 0, z = L. These 
assumptions imply t h a t  p 2 2  (R,L) = 0 from the  equations  o f  motion 
(Middleman 1968). The fo llow ing  exp ress ion  i s  ob ta ined  f o r  0 2  from
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equations 2.2 to 2.9
0 1  (R) = p /  Q \
(N+l)(1+3N) - 1 1+N+dlnCl/xJ 2.10
N \ ttR2/ (1+2N) dln(4Q/irR3)
where x i s  the  d ie  sw ell  defined  by
x. = y* 2 . 11
S im ila r ly  the  dependence of o i  on G can a lso  be adequate ly  
re p re se n te d  by a . power lay  (see d a ta  of King 1966), say
o i  = AGB 2.12
where B i s  l e s s  than  two. Thus 2.2 becomes from 2.3 to  2.9 and 
2 . 12 .
(1+3N) 2A(1+3N) 2 G(R) B " 2
(1+2N) N (2N+B) p R: 2.13
where
G(R) = (3N+1)
N 7TR'
2.14
The v a l i d i t y  o f  2.10 was checked from some e a r l i e r  d ie  sw ell  
d a ta  o f  Metzner, Carley § Park (1960). At a shear  r a t e  o f  100 s e c " 1 
equation  2 . 1 0  p re d ic t s  t h a t  f o r  a p o lye thy lene  i s  approxim ately  
1 dyn cm 2 . This i s  s e v e ra l  o rders  o f  magnitude lower than  King (1966) 
r e p o r te d  fo r  some ty p ic a l  p o lye thy lenes  a t  shear  r a t e s  below 1 s e c " 1. 
Vinogradov § Prozovskaya (1967) a lso  quote low va lues  o f  0 2  f ° r  some 
polymer m elts  c a lc u la te d  from equation  2 .10. Furthermore 2.13- 
p r e d ic t s  t h a t  d ie  sw ell decreases  as G(R) in c re a s e s ,  c o n tra ry  to  a l l  
pub lished  d a ta  on polymer m e lts .  2.13 a lso  im plies  t h a t  th e re  i s  a 
va lue  o f  G(R) below which no r e a l  va lue  of the  e x tru d a te  ra d iu s  i s
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ob ta ined . This shear r a t e  i s  determined by equating  the  terms 
on th e  r i g h t  hand s id e  of 2.13.
Since the  m a te r ia l  co n s tan ts  N, A and B f o r  polymer m elts
c — 9 Bare  of the  o rder  of 0 .75 , 10° dyn cm z sec  and 1.5 r e s p e c t iv e ly ,  
the  value  of G(R) befo re  equation  2.13 can be ap p lied  i s  
u n r e a l i s t i c a l l y  h igh . For example, assuming p = 1 and R = 0.05 cm, % 
then  G(R) must be ^ 1 0 1 4  sec  1 be fo re  equation  2.13 p r e d ic t s  any 
r e a l  q u a n t i ty  fo r  R j . C le a r ly  equations  2.10 and 2,13 cannot apply 
to  polymer m e lts .
G ravity  and su r fa ce  te n s io n  have been ignored  in  equation  
2 .2 . G ravity  w i l l  be n e g l ig ib le  in  th e  case of h o r iz o n ta l  j e t s  and 
f o r  v e r t i c a l  j e t s  i t  i s  avoided by ex trud ing  in to  a l iq u id  o f  the  
same d e n s i ty  (Johnson § Baer 1963), w ith  h igh  v i s c o s i t y  polymer m elts  
th e  e f f e c t  o f  g ra v i ty  w i l l  be n e g l ig ib le .  Goren § Wronski Q966) 
showed th a t  su r fa ce  te n s io n  e f f e c t s  do no t in f lu en c e  th e  dimensions 
o f  j e t s  o f  Newtonian f l u i d s .  The n e g lec t  o f  s u r fa ce  te n s io n  and 
g ra v i ty  in  2 . 2  i s  th e re fo re  reaso n ab le .
The momentum ba lance  must ho ld  and equation  2.2 must be 
v a l id .  E i th e r  the  assumed i n i t i a l  v e lo c i ty  p r o f i l e  or th e  e v a lu a t io n  
of the  i n t e g r a l  con ta in ing  p n  must be in c o r r e c t .  Large e r r o r s  in  
the  assumed i n i t i a l  v e lo c i ty  p r o f i l e  w i l l  not a l t e r  the  l e f t  hand 
s id e  o f  2.2 by orders  o f  magnitude. This suggests  t h a t  the  e v a lu a t io n  
of the  i n t e g r a l  con ta in ing  p n  i s  wrong.
The in t e g r a l  on th e  r i g h t  hand s id e  of 2.2 was ev a lu a ted  
using  the  assumptions given by 2 .4 ,  2 .8  and 2 .9 .  These imply t h a t  
P2 2  (R>L) = 0  from the  equations  o f  motion.
We have seen ( ta b le  2 .2) t h a t  o 2 i s  much sm a l le r  t h a n a i 
and 2.8 i s  th e re fo re  v a l id  as a f i r s t  approxim ation. However th e  
assumption given by 2.9 seems to  have been adopted a r b i t r a r i l y .  I f
-  2 0  -
we r e t a i n  th e  terms co n ta in ing  (0,L) then  eq u a tio n  2.13 would 
read
1 = (1+3N) _ OR)
x 2 (1+2N) pQ2
2.152N Oi(R) + p22 (R,L)
(Bt2N)
w here  oi(R) has been s u b s t i t u t e d  f o r  G(R) from 2 .12.
There have been no measurements o f  P2 2 (R>f) re p o r te d  
f o r  polymer m elts  so i t  i s  not known whether 2.15 i s  v a l id .  Since 
B i s  approxim ately 2N, 2.15 would be s a t i s f i e d  i f  P2 2  0**L) ^
0*5oi(R). These va lues  o f  p 2 2 (R,L) would be sm all and d i f f i c u l t  
to  measure e x p er im en ta l ly ,  p a r t i c u l a r l y  i n  polymer m e lts .
Sak iad is  (1962) measured p 2 2 (R,z) f o r  some polymer 
so lu t io n s  and found by e x t r a p o la t io n  t h a t  p 2 2 (R,L) i s  n° t  zero . 
Assuming 2*4 and 2*8 S ak iad is  ap p lied  a momentum ba lance  to  the  
j e t  which enabled him to  c a lc u la te  a j  and cr2 from Rj and P2 2 (R>L)*
He found th a t  a 2  i s  much la r g e r  than  co n tra ry  to  a l l  pub lished  
d a ta  ( ta b le  2 . 2 ) .   ^ .
For a Newtonian f l u i d  2.13 p r e d ic t s  t h a t  th e  j e t  w i l l  
c o n tra c t  by 13.4%. Metzner e t  a l  (1961) found t h i s  was so w ith 
e thano l and w a te r ,  they  then  c a lc u la te d  from 2 . 1 0  f o r  some , 
p o ly iso b u ty len e  and carboxym ethycellu lose  s o lu t io n s .  The va lues  
ob ta ined  were c o n s is te n t  w ith  r e s u l t s  o b ta ined  by o th e r  methods and 
were independent of tube d iam eter .  Apparently  th e  method gave 
s e n s ib le  r e s u l t s  in  th e se  experiments which were c a r r ie d  out a t  h igh  
Reynolds numbers.
However Middleman § Gavis (1961a) and Goren § Wronski (1966) 
r e p o r te d  d ie  sw ell in  Newtonian f lu i d s  o f  th e  o rd e r  o f  10% a t  
Reynolds numbers le s s  than  20. At h igh Reynolds numbers (>150) the  
j e t s  tended t o 'c o n t r a c t  by 13.4%. These r e s u l t s  could be c o n s i s te n t  
w ith  2.15 f o r  a Newtonian f l u i d  (N=l, <?i(R)=0);
-  2 1  -
P22 (R,L) 2.16
The unusual r e s u l t s  re p o r te d  by Sak iad is  and the  
c a lc u la t io n s  w ith polymer m elts  s t ro n g ly  suggest t h a t  we cannot in  
genera l  assume th a t  ’P n ( 0 ,L )  i s  zero . Lodge (1964) a lso  m ain ta ins  
t h a t  t h i s  assumption i s  no t v a l i d .  However a t  high Reynolds numbers 
(>150) i t  seems to  give s e n s ib le  r e s u l t s  and be v a l id  under th e se  
c o n d it io n s .
F in a l ly  i t  has been assumed th a t  flow i s  f u l l y  developed 
up to  the  e x i t  p lane  O q u a tio n  2 .4 ) .  This may be so a t  h igh 
Reynolds numbers when th e  j e t  d iam eter changes slowly and reaches  i t s  
f i n a l  d iam eter some d is ta n c e  from the  tube e x i t  (Middleman 1964).
But a t  low Reynolds numbers the  f i n a l  j e t  d iam eter i s  reached  much, 
n e a re r  to  the  tube e x i t  (Middleman § Gavis 1961a, Middleman 1964).
Middleman § Gavis (1961a) suggest t h e . r e l a x a t io n  o f  the  
v e lo c i ty  p r o f i l e  in  th e  tube  could give r i s e  to  d ie  sw ell  in  Newtonian 
f l u i d s .  But they were unable to  tak e  t h i s  in to  account and p r e d ic t  the  
shape or f i n a l  d iam eter of the  e x t ru d a te .  I f  p r o f i l e  r e l a x a t i o n  s t a r t s  
in  th e  tube p r i o r  to  the  e x i t  then  f o r  e l a s t i c  f l u i d s  time e f f e c t s  
would a lso  have to  be considered  (Gavis § Middleman 1963). This 
f u r th e r  com plicates any subsequent a n a ly s is .
The momentum balance  a n a ly s is  does not seem to  o f f e r  much 
hope of developing a theo ry  of d ie  sw e ll .  I t  i s  p o s s ib ly  v a l id  a t  
high Reynolds numbers, bu t  the  Reynolds number r e le v a n t  to  polymer 
m elts  i s  < < 1  and i t  i s  i r r e l e v a n t  he re .  Some o th e r  method no t based 
on i n e r t i a  i s  l i k e ly  to  be more a p p ro p r ia te  to  th e  behaviour o f  low 
speed high v i s c o s i t y  f l u i d s .
The th e o r ie s  d iscussed  so f a r  do not even perm it th e  c o r r e c t
-  2 2  -
p r e d ic t io n  of the  d ie  sw ell  of a Newtonian f l u i d .  There have been 
two re c e n t  a ttem pts  to  so lve  t h i s  problem.
Goren § IVronski (1966) ap p lied  a p e r tu rb a t io n  techn ique  fo r  
la rg e  a x ia l  d is ta n ce s  from the  e x i t  and a boundary la y e r  method near 
th e  e x i t .  This i s  an approximate method and may be v a l id  a t  h igh 
Reynolds numbers where the  j e t  decays to  i t s  f i n a l  d iam eter  some 
some d is ta n c e  from i t s  e x i t ,  b u t i t  i s  not a p p ro p r ia te  to  th e  slow 
flow o f h ig h ly  v iscous  f l u i d s .
A more r igo rous  a n a ly s is  has been given by Duda § Vrentas 
(1967) who used a ’P ro te a n ’ co -o rd in a te  system. In t h i s  the  
c o -o rd in a te  l in e s  change shape in  a manner determined by th e  change 
o f  ex tru d a te  dimensions. S tokes ' s tream  fu n c t io n  (Milne-Thompson 1960) 
i s  used as th e  independent v a r ia b le  in  th e  r a d i a l  d i r e c t io n  and thus 
th e  f r e e  su r fa ce  i s  de f ined . The theory  g ives a number o f  n o n - l in e a r  
d i f f e r e n t i a l  equations which must be so lved  s u b je c t  to  s a t i s f a c t o r y  
boundary co n d i t io n s .  S o lu tions  fo r  h igh Reynolds numbers, where the  
equations  a re  s im p l i f ie d  by use of boundary la y e r  th e o ry ,  have been 
ob ta ined  and measurements of the  j e t  shape are  in  good agreement w ith  
c a lc u la t io n s .  The more g en era l  case ,  where th e  equations  a re  very  
complex, has y e t  to  be so lved .
There i s  no s a t i s f a c t o r y  method fo r  c a lc u la t in g  the  shape 
and f i n a l  d iam eter of low speed e x tru d a te s  o f  any f l u i d .  The problem 
i s  to  determ ine th e  p o s i t io n  of a f r e e  boundary, and even fo r  a 
Newtonian l iq u id  t h i s  invo lves  the  s o lu t io n  o f a number o f  n o n - l in e a r  
d i f f e r e n t i a l  equa tions . One p o in t  which does not seem to  have been 
s u f f i c i e n t l y  recogn ised  in  the  l i t e r a t u r e  i s  th e  d i s c o n t in u i ty  on th e  
boundary a t  the  e x i t .  In s ide  th e  tube  th e  v e lo c i ty  on th e  w a ll  i s  
zero , b u t o u ts id e  the  f r e e  su r fa c e  has a f i n i t e  v e lo c i ty .  There does 
not appear to  be any convenient techn ique  f o r  a n a ly s in g . th i s
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d is c o n t in u i ty .
Although th e  problem of d ie  sw ell in  Newtonian f l u i d s  i s  
a t  the  moment unsolved , a s o lu t io n  should be p o s s ib le  by a numerical 
method. Obviously t h i s  i s  a necessary  f i r s t  s tep  b e fo re  we can hope 
to  unders tand  th e  behaviour of ex tru d a te s  o f  e l a s t i c  l iq u id s .
- 24 -
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FIGURE 3.1 C one-plate  geometry - S phe rica l  p o la r  c o -o rd in a te  system
Chapter 3
THE MEASUREMENT OF STRESSES IN STEADY SHEAR FLOW
3.1 In tro d u c t io n
We have seen t h a t  f o r  i s o t r o p i c ,  incom press ib le  f lu i d s  
in  s tead y  shear  flow th e re  a re  only th re e  s t r e s s  q u a n t i t i e s  of 
rh e o lo g ic a l  i n t e r e s t ;  p2i ( = P i 2 ) > a l ancl a 2* The techn iques  f o r  
measuring th e  t a n g e n t i a l  s t r e s s  p 21 are  s t ra ig h t fo rw a rd  and w ell 
known (Wilkinson 1960). The measurements o f  the  normal s t r e s s  
d i f f e r e n c e s  a 1 and a 2 are  more d i f f i c u l t  and numerous methods have 
been sugges ted ; th e  more common techniques  have been reviewed by 
Lodge (1964) and White § Metzner (1962) and a re  summarised in  
chap te r  2.
In th e  p re se n t  work p 2j was evaluated- from to rq u e ,  and the
normal s t r e s s  d i f f e r e n c e s  from t h r u s t  measurements in  a c o n e -p la te  o r
p a r a l l e l  p l a t e  rheom eter. The main o b je c t iv e  was to  determ ine whether 
a 2 d i f f e r e d  s ig n i f i c a n t l y  from zero ,  the  va lue  p re d ic te d  by a number of
rh e o lo g ic a l  equations  o f  s t a t e  (Markovitz 1957). Some o f  th e  r e s u l t s
re p o r te d  in  t h i s  ch ap te r  have been pub lish ed  elsewhere (Berry §
B atchelor 1968). '
S '  •
3.2  Theory
The methods a re  based on th e  assumptions given in  c h ap te r  1 
(s e c t io n  1 .3 ) .
( ! )  C one-plate  rheometer
Here we conside r a cone o f ra d iu s  R r o t a t i n g  about i t s  a x i s ,  
which i s  v e r t i c a l ,  w ith a co n s tan t  angu lar  v e lo c i ty  ft. The cone apex 
i s  in  co n tac t  w ith a h o r i z o n ta l ,  s t a t io n a r y  p l a t e  and f i l l s  th e  gap 
between th e  cone and p l a t e .
We can d e f in e  a s p h e r ic a l  p o la r  c o -o rd in a te  system $ , . 0 ,  r  
w ith the  o r ig in  a t  the  cone apex ( f ig u re  3 .1 ) .  The cone su r fa c e  i s
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defined  by 0 = ( t t / 2  - 0Q) , th e  p l a t e  by 0=t t / 2  and th e  ax is  of r o t a t i o n  
by 0=0. Thus the  angle between th e  cone and p l a t e  i s  0 .. The r a d i a l  
co -o rd in a te  i s  r  and $ i s  o rthogonal to  r  and 0. 0, 0 and r  are
eq u iv a len t  to  Ei* £2 and £ 3  r e s p e c t iv e ly .
We assume th a t  the  v e lo c i ty  components take  th e  form
v e = vr  = 0
v^ = rm(0) Sin 0
3.1
where m i s  the  angu lar  v e lo c i ty  o f th e  f l u i d  a t  a p o in t .  Equation
3.1 s a t i s f i e s  the  requirem ents  t h a t  the  flow i s  s teady  sh ea r  (equa tion  
1 .4 ) .  The sh ea rin g  su rface s  a re  r i g i d  cones, 0 = c o n s ta n t ,  r o t a t i n g  
w ith angu lar v e lo c i ty  10. The only non-zero components o f  th e  r a t e  o f  
s t r a i n  t e n s o r  (Middleman 1968) are
e , fl = e0 , = Sin 0 3 . „ . _ 0$0. 0$ I $ \ 3 .2(-)\ S i n  0 /r  30
From 1 .5 . 3.1 and 3 .2 ,  we o b ta in  f o r  th e  sh ea r  r a t e
G = Sin 0 dm 
d0
3.3
i . e .  G i s  independent o f  r  '
Since th e  flow i s  symmetrical about th e  ax is  o f  r o t a t i o n  a l l  
d e r iv a t iv e s  with r e s p e c t  to  $ a re  zero . N eglecting  i n e r t i a  and body 
fo rce s  th e  r-component of th e  momentum equation  (Middleman 1968) 
reduces to
r  dp3 3 , „
_111 = P l l  + P22 - 2p33 3>4
d r
(P2 2  " P 3 3 ) i s independent o f  r  from 3 .3 ,  thus  dp 3 3 / d r  = dp22 / d r  
and in te g r a t in g  3 .4  we o b ta in
P2 2 O ) = P2 2 CR) ■+ (P ll  + P22 " 2p33) ln ( r /R )  3 .5
The t o t a l  t h r u s t  T on th e  p l a t e  i s
T = - 2 t t  j  r  p 22 ( r ) d r  - 7rRzpa 3 .6
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] FIGURE 3 .2  P a r a l l e l  p l a t e  geometry - C y l in d r ic a l  p o la r  co -o rd in a te  system.
where p a i s  atmospheric p re s s u re .  S u b s t i tu t in g  fo r  P22(r ) from 
3 .5 ,  we o b ta in
T = - ttR2 £ p 33(R) + pa J + j  ttR20 j 3 .7
where Oj has been w ritten  for  (Pn~P22)* I f  the free  surface of  
the f lu id  i s  part of a sphere with centre at the o r ig in  and radius 
R, then
P 3 3 ( R )  + P a = 0 3 . 8
and i t  fo llow s t h a t  (Lodge 1964, J o b l in g  § Roberts 1959)
o ! = (2T/ttR2) 3 .9
S im ila r ly  P2 1  can be eva lua ted  from the  to rque  M on the
3.10
3.11
The sh ea r  r a t e  i s  u s u a l ly  c a lc u la te d  from an approxim ation 
to  3 .3  given by
G = ft/G 3.12
0
Adams § Lodge (1964) and W alters § Waters (1968) have shown t h a t  f o r
sm all va lues  o f  80 (<10°), the  e r r o r  in  using  3.12 to  c a lc u la te  th e
sh ea r  r a t e  i s  n e g l ig ib le .  The use o f  equation  3.12 i s  th e r e f o r e  
j u s t i f i e d .  Thus to  a good approximation th e  sh ea r  r a t e  in  a cone- 
p l a t e  rheometer i s  co n s ta n t .
( i i )  P a r a l l e l  p l a t e  rheometer
In t h i s  geometry the  f l u i d  f i l l s  the  gap between two c o n c e n tr ic  
h o r iz o n ta l  p l a t e s  of ra d iu s  R. One p l a t e  i s  s t a t io n a r y  and th e  o th e r
r o t a t e s  w ith  co n s tan t  angular v e lo c i ty  ft, th e  ax is  o f  r o t a t i o n  passes
through the  cen tre  o f  the  p l a t e s .
We can d e f in e  a c y l in d r i c a l  p o la r  system r ,  z ,  0 where th e  
o r ig in  i s  a t  the  c e n tre  o f  the  lower p l a t e  ( f ig u re  3 .2 ) .  The r a d i a l
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p la t e .
R
M = 2tt I  r 2 P2 1  dr 
0
But P2 1  i s  independent of r  from 3 .3 ,  thus 
p21 = (3M/2itR3)
3.13
c o -o rd in a te  i s  r ,  th e  v e r t i c a l  co -o rd in a te  i s  z and 0 i s  
orthogonal to  r  and z. The su r fa ce  o f the  top p l a t e  i s  given 
by z = h ,  where h i s  th e  p l a t e  s e p a ra t io n .  0, z ,  r  a re  e q u iv a len t  
to  Ci, € 2  and £ 3  r e s p e c t iv e ly .
We assume t h a t  the  v e lo c i ty  components take  th e  form 
vz = vr  = 0 
v 0 = firz/h
The only non-zero components o f  the  r a t e  o f  s t r a i n  te n s o r  
a re  (Middleman 1968)
e0z ' e z0 = ^ 0 .  3.14
8z
From 1 .5 ,  3.13 and 3 .14 , i t  fo llow s th a t
‘ G = fir/h 3.15
Because o f  the  symmetry about th e  ax is  of r o t a t i o n  we can 
n e g le c t  d e r iv a t iv e s  w ith  r e s p e c t  to  0. N eglecting  i n e r t i a  and body 
fo rce s  th e  r-component o f  the  equations  o f  motion (Middleman 1968) 
becomes
r  dp 3 3
= P l l  ~ P 3 3  3..16-
d r
In te g ra t in g
R
P 2 2 ( r )  = P 3 3 ( X )  " /  ( P 1 1 - P 3 3 )  d r  + (P22 -  P 3 3 )  3,17
r  r
The t o t a l  t h r u s t  T on th e  p l a t e  i s
R
T = - 2tt f r  P2 2 Cr ) dr - ttR2Po 3.18/
0
S u b s t i tu t in g  f o r  P2 2 (r ) from 3 .1 7 ,  we o b ta in
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T = 2 t t H  Q l ( r )  dr dr + 2 t t  / r / a 2 (r)  dr d r  
0 r  r  0 r  r
3.19
R
- 2 ttJ  r a 2 ( r ) d r  - t t R 2  £ p 33(R) + PaJ  
0
where ( p n  - P 2 2 )  and (p22 -  P 3 3 )  have been- rep laced  by and cr2 .
I n te g ra t in g  by p a r t s  
R
T = S  *  { a i r^  ^ " . b 2 C r) | r  d r  - t t R 2  £ p 33(R) + paJ 3.20
I f  th e  f r e e  su r fa c e  o f  th e  f l u i d  i s  p a r t  o f  a c y l in d e r  w ith  c en tre  
a t  th e  o r ig in  and ra d iu s  R, then
P 3 3  (R) +  P a  =  0 ’ 3.21
Changing v a r ia b le  to  G through 3.15 and d i f f e r e n t i a t i n g  3.20 w ith
re s p e c t  to  G(R), i t  fo llow s th a t
Oi(R) -  c j 2 ( R )  = (2+m*) / 2T
  [ _  ) 3 , 2 2
2 \ t t R 2/
where
m’ = d.ln (2T /ttR2) 3.23
j d in  G (R)
and G(R), th e  shear r a t e  a t  th e  edge o f  th e  p l a t e ,  i s
G(R) = U R/h 3 .24
Equation 3.22 was de rived  o r ig i n a l l y  by Kotaka, Kurata § Tamura (1959) 
S im ila r ly  p2i can be ob ta ined  from th e  to rque  M on th e  p l a t e  
as fo llows
R
M = J  2-irr2 P 2 1  ( r )  d r 3.25
0
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FIGURE 3 . 3  Block d iag ram  o f  W eis senberg  Rlieogoniometer
FIGURE 3 . 4  W eis senberg  Rhe ogoniometer
Changing v a r i a b l e  t o  G th rough  3.15 and d i f f e r e n t i a t i n g  w i th
r e s p e c t  t o  G ( R ) , we o b t a i n
\
p 21 (R) = ( n 1+3)
3
3 .2 6
where
n d i n  (3M/2ttR3) 3 .2 7
d i n  G(R)
From t h e  t o t a l  t h r u s t s  i n  t h e  two g e o m e t r i e s  we can t h e r e f o r e
c a l c u l a t e  oq and a 2 as f u n c t i o n s  o f  G ( 3 .9  and 3 . 2 2 ) .  The t o r q u e  
d a t a  can be u s e d  t o  c a l c u l a t e  p 21 from 3 .1 1  and 3 . 2 6 ,  and so  p r o v i d e s  
a n ’i n t e r n a l  check on t h e  c o n s i s t e n c y  o f  t h e s e  t e c h n i q u e s  .
t h r u s t  m easurem ents  i n  t h e  cone and p l a t e  geomet ry  o n l y .  P o l l e t t  
(1955)  s u g g e s t e d  m e a s u r in g  t h e  t o t a l  t h r u s t  i n  t h e  p l a t e  and on an 
a n n u l a r  g u a rd  r i n g ,  b u t  t h i s  would be d i f f i c u l t  e x p e r i m e n t a l l y .  
J a c k s o n  § Kaye (1967)  e v a l u a t e d  cr2 from t h e  t h r u s t  d a t a  when t h e  cone 
apex  i s  a f i n i t e  d i s t a n c e  from t h e  p l a t e .  The r e s u l t s  must  be 
e x t r a p o l a t e d  t o  o b t a i n  a 2 , r e q u i r i n g  a  g r e a t  d e a l  o f  d a t a  and t h e  
method i s  i m p r a c t i c a l .  In  b o t h  c a s e s  a j  was c a l c u l a t e d  a c c o r d i n g  t o
3 . 3  D e s c r i p t i o n  o f  A p p a ra tu s
The e x p e r i m e n t s  were c a r r i e d  o u t  on a W e is se nbe rg  R heogon i -  
m e t e r  (Model R16) m a n u f a c t u r e d  by Sangamo C o n t r o l  L td .  (Bognor  R e g i s ) .  
King (1964)  has  g i v e n  a d e t a i l e d  d e s c r i p t i o n  o f  t h i s  p a r t i c u l a r  model  
and we w i l l  o n l y  o u t l i n e  t h e  main f e a t u r e s  h e r e .
p h o t o g ra p h  o f  t h e  main p a r t  i n  f i g u r e  3 . 4 .  Only t h e  m o t o r ,  g e a r b o x  
and a s s o c i a t e d  e l e c t r o n i c  equ ip m en t  have  been  o m i t t e d  from f i g u r e  3 . 4 .  
The b o t tom  p l a t e n  (1) i s  r o t a t e d  a t  a s y n c h r o n o u s l y  c o n t r o l l e d  s p e e d
Two methods have  b e e n  p r o p o s e d  f o r  e v a l u a t i n g  o 2 from t o t a l
3 . 9 .
A b l o c k  d iag ra m  o f  t h e  a p p a r a t u s  i s  shown i n  f i g u r e  3 . 3  and a
- . 3 0  -
from th e  motor and gearbox. The p la te n  speed can be v a r ie d  in  60 
lo g a r i th m ic  s tep s  from 4.74 * 10 4 to  3.75 x 102 rev /m in . The 
sample (2) f i l l s  th e  gap between th e  p la te n s .
The to rque  developed i s  measured on the  top p la te n  (3) by 
means of a to r s io n  b a r (4 ) .  The measuring system in c o rp o ra te s  an a i r  
b ea r ing  (5) which g ives v i r t u a l l y  f r i c t i o n l e s s  angu lar  r o t a t i o n  b u t 
v e r t i c a l  lo c a t io n .  The top  o f  th e  b a r  i s  clamped r i g i d l y  and th e  
complete t o r s io n  head assembly (4 and 5) i s  mounted on th e  main 
column o f th e  ap p a ra tu s ,  and can be moved v e r t i c a l l y .  The r o t a t i o n
o f  the  to rque  b a r  i s  measured by a l i n e a r  t ra n sd u ce r  (6) , th e  arm ature
of which i s  b o l te d  to  a 10 cm ra d iu s  arm (7) clamped to  th e  bottom o f  
the  to rque  b a r .  The ou tpu t from th e  tra n sd u c e r  i s  fed  in to  a t r a n s ­
ducer meter (8) and th e  d e f l e c t io n  recorded  on a s t r i p  r e c o rd e r .  The 
maximum angular d e f l e c t i o n  o f  the  t o r s io n  b a r  i s  only 0.025 r a d ,  and 
the  use o f  a l i n e a r  t ra n sd u c e r  to  measure t h i s  i s  j u s t i f i e d .  Three 
s tan d a rd  bars  a re  a v a i la b le  g iv ing  a range of to rques  from approxim ately
103 dyn cm to  2 x 108 dyn cm. The t h r u s t  genera ted  fo rce s  th e  bottom
p la te n  down a g a in s t  th e  sp r in g  (9 ) .  A f l e x i b l e  diaphragm t ra n s m its  th e  
d r iv e  to  the  bottom p la te n  b u t  perm its  sm all v e r t i c a l  movements o f  the  
s h a f t  CIO) . The displacem ent of the  sp r in g  which r e s u l t s  i s  d e te c te d  by 
a tra n sd u ce r  (11) mounted d i r e c t l y  under th e  b a l l  end o f  th e  s h a f t .  
However, i f  th e  bottom p la te n  does move down, the  sh ea r in g  c o n d it io n s  
in  th e  sample w i l l  be a l t e r e d .  To overcome t h i s  th e  appara tus  
in c o rp o ra te s  a n u l l  p o in t  servo  system proposed o r ig i n a l l y  by 
Lammiman § Roberts (1961). The s ig n a l  from the  t ra n sd u c e r  (11) i s  fed  
in to  th e  b r idge  (12) and th e  ou tpu t i s  taken  in to  a servo  a m p l i f i e r  (13). 
The s ig n a l  from th e  servo a m p l i f ie r  d r iv e s  a servo m o to r(14). This 
servo  motor, which i s  coupled to  a micrometer (15) mounted a t  th e  f r e e  
end o f  th e  s p r in g ,  p o s i t io n s  th e  f r e e  end o f th e  sp r in g  to  g ive  zero 
d e f le c t io n  on th e  servo t r a n s d u c e r /  This techn ique  ensures t h a t  th e
re q u ire d  shearing  co n d itio n s  a re  m ain ta ined . The t h r u s t  can be 
eva lua ted  from the  displacem ent of the  f r e e  end of the  s p r in g .
This displacem ent i s  measured by a t ra n sd u ce r  (16) mounted under 
the  micrometer and b r id g e  (17), and the  d e f le c t io n  i s  reco rded  on 
a s t r i p  re c o rd e r .  The range of th r u s t s  which can be measured w ith 
t h i s  servo system i s  from about 1.5 x 10^ to  1.5 x 108 dyn.
In the  o r ig in a l  design  th e  sample was c o n t ro l le d  by an 
e l e c t r i c a l l y  hea ted  chamber which com pletely surrounds th e  p la te n s  
(18 in  f ig u r e  3 .4 ) .  This chamber i s  in  two h a lv e s ,  each 
con ta in ing  two h e a te r  elements embedded in  an aluminium b lock .
The t o t a l  power in  each block i s  400 w a t ts .  The c o n tro l  thermo­
couple i s  embedded in  one of the  aluminium b lo ck s .  O r ig in a l ly  
the  h e a te rs  were connected in  p a r a l l e l  and the  f u l l  power o f 800
V «
w atts  was switched on or o f f  by th e  c o n tro l  system. This was 
u n s a t i s f a c to r y  and the  h e a te r  c i r c u i t  was m odified to  in c lu d e  a 
s e r i e s - p a r a l l e l  sw itch . In p r a c t i c e  the  h e a te r s  were connected 
in  p a r a l l e l  to  b r in g  the  p la te n s  to  the  re q u ire d  tem pera tu re  and 
in  s e r i e s  when t h i s  was a t t a in e d .  In s p i t e  o f  t h i s  m o d if ic a t io n  
the  v a r i a t i o n  a t  160°C was ± 2°C. In experiments below 40°C th e  
h e a te r  chamber was re p laced  by a double w alled  Perspex chamber o f  
s im i la r  shape and s i z e .  Water was pumped through the  chamber from 
a th e rm o s ta t ic  tank and th e  p la te n  tem perature  could be kep t 
co n s tan t to  w ith in  0.25°C.
The tem perature  i s  measured by a thermocouple embedded 
in  th e  top p la te n .  The system su p p lied  was in s e n s i t i v e  and 
rep laced  by a Scalamp Thermocouple Galvanometer (Pye L td .)  u s in g  a 
co p per /cons tan tan  thermocouple and an au tom atic  compensated cold  
ju n c t io n .  The thermocouples were a l l  c a l i b r a t e d  a g a in s t  an N.P.L. 
c a l i b r a t e d  thermometer;
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FIGURE 3.5 Check f o r  c o n c e n t r ic i ty  on.bottom, p la te n
FIGURE 3.6  Check f o r  squareness on top p la te n
3.4  Method of Alignment
To achieve the  assumed s t a t e  o f  flow the  p la te n  s u r fa c e s  
m ust.be p e rp e n d icu la r  to  the  a x is  of r o t a t i o n  and c o n c e n tr ic .  
Furthermore in  cone and p l a t e  experiments th e  t i p  o f  th e  cone must 
j u s t  itouch the  su r fa ce  o f  the  p l a t e .  In p r a c t i c e  f r i c t i o n  between 
the  cone t i p  and the  p l a t e  would i n t e r f e r e  w ith  the  measurements and 
i s  avoided by s l i g h t l y  t ru n c a t in g  the  cones . We must th e r e f o r e  
ensure t h a t  the  cone apex j u s t  touches the  p l a t e .  S im ila r ly  in  
p a r a l l e l  p l a t e  experiments th e  gap must be s e t  p r e c i s e ly  to  g ive  
the  re q u ire d  s e p a ra t io n .
The c o n c e n t r ic i ty  o f  the  bottom p la te n  i s  checked w ith  a 
d i a l  gauge in  co n tac t  w ith  the  o u ts id e  edge of the  p la te n  ( f ig u re  3 .5 ) .  
The th re e  a d ju s t in g  screws a re  a l t e r e d  u n t i l  th e  t o t a l  movement as 
the  p la te n  r o t a t e s  i s  w ith in  the  d e s i re d  l i m i t s .  S im ila r ly  we can 
check th a t  the  p la te n  i s  p e rp e n d icu la r  to  th e  ax is  of r o t a t i o n  w ith  
th e  d i a l  gauge in  c o n tac t  w ith th e  p la te n  face  near th e  edge. Any 
e r r o r s  can then be c o rre c te d  by the  t i l t  screws.
The squareness o f  the  top p la te n  i s  checked and a d ju s te d  
w ith  the  arrangement shown in  f ig u r e  3 .6 .  The gauge i s  in  c o n tac t  
w ith  the  p la te n  su r fa ce  and the  bottom p la te n  i s  r o ta t e d .  There i s  
no means of c o r re c t in g  e r ro r s  in  c o n c e n t r ic i ty ;  the  main column and 
to r s io n  head assembly have been p r e s e t  in  the  f a c to ry .  However we 
can check the  accuracy o f t h i s  alignm ent in  a s im i la r  way us in g  the  
d i a l  gauge in  co n tac t  w ith  the  p la te n  .edge.
The c o r re c t  s e p a ra t io n  between th e  p la te n s  i s  o b ta ined  by 
winding the  to r s io n  head assembly (4 and 5) down u n t i l  the  p la te n s  a re  
j u s t  in  c o n tac t .  This i s  in d ic a te d  by a small t h r u s t  read ing  on the  
servo t ra n sd u ce r  m eter. The v e r t i c a l  p o s i t io n  of th e  top  p la t e n  i s  
g iven by a tra n sd u ce r  clamped to  the  main column. Using t h i s
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TABLE 3.1
T est m a te r ia l s
Name Polymer type T est tem perature  °C
Rigidex 50 p o lye thy lene 160
V istanex  LM-MH p o ly iso b u ty len e 29.25
V istanex  LM-MS p o ly iso b u ty len e 29.25
L oriva l R25 depolymerised n a tu r a l  
rubber
23.5
tra n s d u c e r  the  top p la te n  can subsequently  be p o s i t io n e d  to  give 
the  c o r re c t  s e p a ra t io n  between the  p la te n s .  The gap i s  ad ju s ted  
a t  th e  t e s t  tem pera tu re .
3 .5 Experimental Procedure
The m a te r ia l s  used in  the  p re se n t  i n v e s t ig a t i o n .a r e  
given in  t a b le  3 .1 .  Rigidex 50 i s  a ty p ic a l  commercial h igh 
d e n s i ty  po lye thy lene  which i s  f l u i d  a t  e lev a ted  tem p era tu res .
Because of poor tem peratu re  c o n tro l  and p o s s i b i l i t i e s  of therm al 
deg rada tion  under th e se  c o n d it io n s  i t  was only used in  some 
i n i t i a l  checks on the  a p p a ra tu s .  The o th e r  polymers in  t a b le  3.1 
a re  more convenient m a te r ia l s  to  study  s in ce  experiments could be 
c a r r ie d  put a t  or near t o  ambient tem p era tu res .  The p o ly iso b u ty len es  
and L orival R25 were th e re fo re  s tu d ie d  in  mucli g r e a te r  d e t a i l .
Samples of Rigidex 50 were p repared  by compression 
moulding d is c s  5 cm in  diam eter and 0 .1  cm th ic k .  The d is c  was then  
simply in s e r te d  between th e  t e s t  p l a t e n s .  The p re p a ra t io n  o f  th e  o th e r  
samples was more d i f f i c u l t .  A d is c  of m a te r ia l  was c a s t  in  a m etal 
r in g  mould on s i l i c o n e  impregnated p aper ,  and allowed to  degas a t  
room tem perature  f o r  s ev e ra l  days be fo re  u se .  The sample was then  
p laced  in  the  t e s t  chamber and th e  r e le a s e  paper pee led  o f f .
A f te r  the  sample was in s e r t e d  th e  gap was c lo sed  to  the  
c o r re c t  s e p a ra t io n  and brought to  the  t e s t  tem pera tu re . Any excess 
m a te r ia l  was removed w ith a s p a tu la .  S t r e s s e s  in troduced  in to  the  
m a te r ia l  during the  f i l l i n g  o p e ra t io n  were allowed to  r e la x  b e fo re  
experiments commenced. With Rigidex 50 experiments were s t a r t e d  
w ith in  15 minutes o f  in s e r t in g  th e  sample between th e  p l a t e n s ,  and 
stopped a f t e r  approxim ately 60 minutes to  avoid e r ro r s  due to  h ea t  
d eg rada tion . The p o ly iso b u ty len es  and L orival R25 were l e f t  to  
•relax overn igh t and th e re  was no n e c e s s i ty  to  complete th e  experim ents
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TABLE 3.2
Cone dimensions
©o (deg) Truncation  C0111)
Loughborough Sangamo Loughborough Sangamo
1.92 1.92 0.0079 0 . 0 0 1 0
3.96 3.93 0.0160 0.0183
6 . 0 2 6 . 0 0 0.0295 0.0279
in  a given tim e.
Measurements were c a r r ie d  out in  each sense of r o t a t i o n  
a t  any p a r t i c u l a r  angu lar  v e lo c i ty  and the  mean of the  fo rce  
read ings  c a lc u la te d .
The dimensions of th e  p la te n s  used were measured a t  
Loughborough U n iv e rs i ty  (Department o f  I n d u s t r i a l  Engineering § 
Management). The r e s u l t s  f o r  the  cones a re  shown in  t a b le  3 .2  
w ith  th e  va lues  quoted by the  m anufactu rer .
The cone ang les  a re  a l l  w ith in  0.03° o f . the  m a n u f a c tu r e r s  
s p e c i f i c a t io n ,  bu t th e re  i s  a marked d iscrepancy  in  th e  va lu es  found 
f o r  the  t r u n c a t io n .  At Loughborough two d i f f e r e n t  techn iques  were 
used to  measure the  t ru n c a t io n  and the  agreement between them was 
good. Thus i t  would appear t h a t  th e  m a n u fac tu re r 's  v a lues  fo r . th e  
gap s e t t i n g  are  in c o r r e c t .  ,
' The p la t e s  used were f l a t  to  w ith in  ± 0.00025 cm, and the  
d iam eter o f  a l l  p la te n s  used was 5 cm.
The m a jo r i ty  of experiments were c a r r ie d  out u s ing  the  
t ru n c a t io n  s p e c i f i e d  by the  m anufactu rer .  E rro rs  due to  t h i s
o
in c o r r e c t  gap s e t t i n g  w i l l  be d iscu ssed  l a t e r .
3 .6  Experimental E rrors
There a re  s e v e ra l  p o s s ib le  sources o f e r r o r  which can 
a r i s e  in  r o t a t i o n a l  v iscom ete rs :
( i )  I n e r t i a l  e f f e c t s ,
( i i )  Temperature r i s e  due to  sh ea r  hea t in g
( i i i )  Misalignment of p la te n s
( iv )  In c o r re c t  gap s e t t i n g
(v) Axial movement o f  r o t a t i n g  member
The e f f e c t  of th e se  e r ro r s  on t h r u s t  and to rque  d a ta  i s
v
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i s  d iscu ssed  below, in  p a r t i c u l a r  ^ i j , emu \ v  j
a f f e c t  normal s t r e s s  measurements (Adams § Lodge 1964).
( i )  I n e r t i a l  e f f e c t s
In the  theory  p re sen ted  in  s e c t io n  3.2  i n e r t i a l  e f f e c t s
were n e g lec ted .  In co n e -p la te  and p a r a l l e l  p l a t e  experiments 
i n e r t i a  w i l l  produce a slow c i r c u la to r y  flow r a d i a l l y  out on th e  
moving p la te n  and towards the  ax is  on th e  f ix e d  p la t e n .  A p re s su re  
g ra d ie n t  w i l l  a lso  be developed r a d i a l l y  on the  p la t e n s .  Thus th e  
assumed v e lo c i ty  d i s t r i b u t i o n s  (equations 3 .1 and 3 .13) w i l l  be 
in c o r r e c t  and th e  express ions  f o r  c a lc u la t in g  the  s t r e s s e s  may be 
in  e r r o r .  To determ ine i f  i n e r t i a l  e f f e c t s  a re  s i g n i f i c a n t  we need 
only make an approximate a n a ly s is ;  igno ring  the  c i r c u la t o r y  flow and 
c a lc u la t in g  the  p re s su re  d i s t r i b u t i o n  f o r  a Newtonian f l u i d .  The 
a n a ly s is  i s  analogous to  the  method used by Greensmith § R iv l in  (1953).
I f  th e  i n e r t i a  terms a re  re ta in ed *  then  f o r  th e  p a r a l l e l  
• p l a t e  geometry t h e ; r-component o f  th e  equations  of motion becomes 
f o r  a Newtonian f l u i d  . (Aris 1962).
dp 3 3 3.28
dr r
where p i s  th e  f l u i d  d e n s i ty .  I f  we re p la c e  the  i n e r t i a l  term 
(pVg/r) a t  each p o in t  by th e  va lu e  averaged over the  gap a t  co n s ta n t  
r ,  then  from 3.13 and 3.28 i t  fo llow s th a t
dp3 3  - pft2r
3.29
dr 3
In te g ra t in g
P3 3 (r ) = P3 3 0O " P^ 2 -I'r2 - R2] 3.30
6
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FIGURE 3 .7  E f fe c t  o f  gap s e t t i n g  in  p a r a l l e l  p l a t e  experiments -
V istanex LM-MH, 29.25°C. Top - t h r u s t ;  bottom - torque,
G(R) s e c - 1  
O 0.0906 
A  0.0572
. □  0.0287
\
The t o t a l  t h r u s t  on the  p l a t e  T1 due to  i n e r t i a  i s
R
T1 = — 2Trr P 2 2  0 0  + 3.31
0  . 
b u t P2 2  = p 3 3  f o r  a Newtonian f l u i d ,  thus from 3 .2 1 ,  3 .30 and 
3.31 we o b ta in
Tl 3 .32
12
i . e .  a n eg a tiv e  t h r u s t  i s  g en era ted .
S im ila r ly  equation  3.32 can be shown to  apply to  the  cone- 
p l a t e  system i f  the  i n e r t i a l  fo rc e s  a re  averaged w ith r e s p e c t  to  
gap angle 0 a t  c o n s tan t  r .
The t h r u s t s  due to  i n e r t i a  c a lc u la te d  from 3.32 in  th e  
p re s e n t  experiments w i l l  be < 0.5  dyn. This i s  n e g l ig ib le  compared 
w ith the  th r u s t s  due to  normal s t r e s s e s  and can be n e g lec te d .
Furthermore in  p a r a l l e l  p l a t e  exper im en ts- the  t h r u s t  a t  
c o n s tan t  G(R) w i l l  depend on gap s e t t i n g  (h) i f  i n e r t i a  i s  
s i g n i f i c a n t .
Some t h r u s t  and to rque  r e s u l t s  ob ta ined  w ith  V istanex  
LM-MH a t  2 9 .25°C using  th re e  d i f f e r e n t  gap s e t t i n g s  (0 .136 , 0.108 
and 0.0861 cm) a re  shown in  f ig u r e  3 .7 .  Two independent samples 
were s tu d ie d  a t  gap s e t t i n g s  o f  0.136 .and 0.108 cm and th e  mean 
va lue  a t  each shear  r a t e  i s  r e p o r te d .-  Only one sample was s tu d ie d  
a t  the  o th e r  gap s e t t i n g .  F igure  3 .7  in d ic a te s  t h a t  the  r e s u l t s  a re  
independent of gap s e t t i n g .  S tu d e n t’s t - t e s t  (Brownlee 1949) was 
a p p lied  to  a l l  the  d a ta  and confirmed t h a t  th e re  was no s i g n i f i c a n t  
d i f f e r e n c e  between the  r e s u l t s  a t  the  v a r io u s  gap s e t t i n g s  and we 
can assume th a t  i n e r t i a l  e f f e c t s  a re  n e g l ig ib le .
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TABLE 3.3
Temperature r i s e  due to  shear h ea t in g
M ate r ia l G (Sec-1 ) AT (°C/Sec)
V istanex  LM-MH 0.229 1.55 x i o - 3
L oriva l R25 0.229 1.44 x 10-tf
Rigidex 50 0.572 7.22 x 10" 4
The n e g le c t  of i n e r t i a l  terms in  the  theory  given in  
s e c t io n  3 .2  i s  th e re fo re  j u s t i f i e d .  However they may be 
s i g n i f i c a n t : i n  low v i s c o s i t y  f l u i d s  a t  h igh speeds of r o t a t i o n .
( i i )  Temperature r i s e  due to  shear  h ea tin g
Viscous flow i s  a d i s s ip a t iv e  p rocess  and energy w i l l  be 
converted  in to  h e a t .  This w i l l  r e s u l t  in  a tem perature  r i s e  in  the  
sample which might produce e r ro r s  in  the  measurements. To c a lc u la te  
the  approximate tem perature  r i s e  due to  shear  hea tin g  we w i l l  assume 
th a t  th e re  i s  no h e a t  lo ss  from the  sample. C lea r ly  t h i s  w i l l  over­
e s t im a te  sh ea r  h ea tin g  e f f e c t s  s in ce  t h e r e .w i l l  be some h e a t  lo s s .  
However i t  w i l l  in d ic a te  i f  shear  h ea t in g  i s  l i k e ly  to  be 
s i g n i f i c a n t .
. * The tem peratu re  r i s e  p e r  sec  o f  shearing  (AT) i s  g iven  by:
4
AT = P2 1  G
where Cp i s  the  s p e c i f i c  h e a t  of th e  polymer m elt .
T ypical r e s u l t s  f o r  the  m a te r ia l s  used in  th e  p re s e n t  
experiments a re  g iven in  t a b le  3 .3  f o r  th e  h ig h e s t  sh ea r  r a t e  l i k e l y  
to  be encountered. The s p e c i f i c  h e a t  and d e n s i ty  o f  th e  polymers 
were ob ta ined  from Brandrup £ Immergut (1966).
In p r a c t i c e  the  r i s e  w i l l  be much sm alle r  than.shown in  
t a b le  3 . 3  but th e  r e s u l t s  do show t h a t  sh ea r  h ea tin g  e f f e c t s  a re  
small and can be n e g lec te d .
( i i i )  Misalignment of th e  p la te n s
The p la te n s  must be p e rp e n d icu la r  to  the  ax is  of r o t a t i o n  
and c o n cen tr ic  i f  the  assumed s t a t e  of flow i s  to  be m a in ta in ed . I f  
the  p la te n s  are. no t p a r a l l e l .convergent flow i s  produced in  one h a l f  
o f  the  gap and d iv e rg en t  flow in  th e  o th e r  h a l f .  This would g ive
r i s e  to  a p r e s s u r e 'd i s t r i b u t i o n  on the  p l a t e  even f o r  Newtonian 
f l u i d s ,  bu t the  t o t a l  t h r u s t  would be zero (Adams § Lodge 1964).
\  The s i t u a t i o n  w ith e l a s t i c  f l u i d s  i s  probably  more com plicated 
because of r e la x a t io n  e f f e c t s .  B ly le r  § Kurtz (1967) have 
shown th a t '  when the  p la te n s  a re  no t c o n ce n tr ic  th e  deform ation 
produced i s  o s c i l l a t o r y .  Thus e r ro r s  in  alignment could e f f e c t  
th e  measurements.
The m anufacturer claims th a t  th e  maximum t i l t  between 
the  p la te n s  during r o t a t i o n  should be <0 . 0 0 0 2  r a d ,  and the  
maximum c o n c e n t r ic i ty  e r r o r ,  as measured by method g iven  e a r l i e r ,  
should be <0.0025 cm o f t o t a l  movement on each p la te n .  A te d io u s  
t r i a l  and e r r o r  procedure i s  normally re q u ire d  to  a d ju s t  the  p la te n s  
to  w ith in  th e se  l im i t s .
The e f f e c t  of sm all alignment e r ro r s  was in v e s t ig a te d  by 
o f f s e t t i n g  the  t i l t  and c o n c e n t r ic i ty  in  a s e r i e s  o f  experiments 
w ith  Rigidex 50. R esu lts  were ob ta ined  a t  th e  c o r re c t  s e t t i n g  
(m anufac tu re r’s s p e c i f i c a t i o n ) ,  w ith  the  maximum t i l t  between the  
p la te n s  s e t  a t  0.0009 rad  and w ith  a maximum c o n c e n t r ic i ty  e r r o r  o f  
0.018 cm (eq u iv a len t  to  0.009 cm t o t a l  movement on each p l a t e n ) .  
S tu d e n t 's  t - t e s t  was ap p lied  to  th e  d a ta  and in d ic a te d  no 
s i g n i f i c a n t  e f f e c t  due to  m isalignm ent. I t  i s  s t r a ig h t fo rw a rd  to  
a d ju s t  th e  p la te n s  so t h a t  the  c o n c e n t r ic i ty  e r r o r  i s  l e s s  than  
0.005 cm on each p la te n  and the  maximum t i l t  i s  0.0004 ra d .  These 
e r ro r s  a re  not s i g n i f i c a n t  and t h i s  accuracy of alignm ent was 
subsequently  adopted.
( iv )  E rro rs  in  gap s e t t in g
The gap between the  p la te n s  can be ad ju s ted  to  w ith in  1% 
of the  req u ire d  va lue  and e r ro r s  of t h i s  magnitude a re  u n l ik e ly  to  
a f f e c t  the  measurements. However most of the  co n e -p la te  d a ta  were
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ob ta ined  using  the  se p a ra t io n  s p e c i f ie d  by the  m anufacturer which 
we have seen i s  i n c o r r e c t .  To e s t a b l i s h  i f  t h i s  a f f e c te d  the  
r e s u l t s ,  the  gap was v a r ie d  in  a s e r i e s  of experiments us ing  the  
cone g iv ing  a gap angle  of 3 .93° .
Experiments were c a r r ie d  out w ith  a V istanex LM-MS a t  
29.25°C using  fo u r  d i f f e r e n t  gap s e t t i n g s  from 0.0208 to  0.0132 cm. 
This v a r i a t i o n  in  gap s e t t i n g  i s  g r e a te r  than  the  e r r o r s  in d ic a te d  
in  t a b le  3 .2 fo r  a l l  th e  cones. The same sample was used throughout! 
and th e  cone lowered by about 0.025 cm a t  the  end of each s e r i e s  
o f exper im en ts .
The s e t s  o f  d a ta  were compared in  tu rn  w ith  th e  d a ta  
ob ta ined  a t  a gap s e t t i n g  o f  0.0160 cm, t h e . c o r r e c t  s e t t i n g  
according to  measurements c a r r ie d  out a t  Loughborough U n iv e r s i ty ,
4
S tu d e n t’s t - t e s t  showed, w ith one ex cep tion , t h a t  th e re  was no 
s i g n i f i c a n t  e f f e c t  due to  gap s e t t i n g .  The excep tion  was the  P21  
d a ta  f o r  0.0132 cm; t h i s  was s i g n i f i c a n t l y  h ig h e r .  However P 2 1  
was <5% h ig h e r  in  t h i s  case and ho o th e r  experiments have been 
c a r r ie d  out a t  t h i s  gap s e t t i n g .  The oi d a ta  f o r  t h i s  gap s e t t i n g  
a re  in  good agreement.
Thus i t  seems th a t  e r r o r s  due to  in c o r r e c t  gap s e t t i n g  
a re  n e g l ig ib le .  A ll o th e r  c o n e -p la te  r e s u l t s  w ere  ob ta in ed  u s in g  th e  
gap s e t t i n g  s p e c i f ie d  by the  m anufacturer and th e  r e s u l t s  w i l l  n o t  
be a f fe c te d .
(v) Axial movement of r o t a t i n g  s h a f t
The d e f l e c t i o n  of the  normal fo rce  s p r in g ,  and hence the  
bottom p la te n ,  was monitored as th e  p la te n  r o ta t e d  w ithou t a sample. 
There was some evidence of a sm all p e r io d ic  a x ia l  movement o f  th e  
s h a f t .  The amplitude of t h i s  a x ia l  d isp lacem ent was ^ 10“ 6 cm and 
occurred  tw ice a re v o lu t io n .  .
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Any a x ia l  movement of the  s h a f t  w i l l  produce a p e r io d ic  
component of flow in  the  r a d i a l  d i r e c t io n  and hence a p e r io d ic  
\  p re s su re  w i l l  be ex er ted  on the  bottom p la te n .  To determ ine
whether such p re s su re s  would in f lu en ce  the  measurements we can 
make an approximate c a lc u la t io n  assuming a Newtonian f l u i d .
I f  the  p la te n s  a re  se p a ra t in g  a t  a v e lo c i ty  u , then  
c o n t in u i ty  re q u i re s  t h a t
h
7r r2u = (  2fTrvr dz 3.34!u '  I
0
Since h << R, i t  i s  reaso n ab le  to  assume th a t  the  d i s t r i b u t i o n  of 
vr  across  the  gap, i s  the  same as would be ob ta ined  f o r  th e  flow 
of a Newtonian f l u i d  in  an i n f i n i t e l y  wide p a r a l l e l  s l i t ,  i . e .  
vr  i s  a p a ra b o l ic  fu n c t io n  of z. Thus from 3.34 and th e  equations  
of motion f o r  a Newtonian f l u i d  (Aris 1962) i t  fo llow s t h a t
8 p 2 2  ~  6 nur
3.35
3r h 3
In te g ra t in g
P 2  2  C**) = P2 2  CH) + 3nu (Rz- r 2 ) 3 .36^ 2 ^
h3
Thus the  t o t a l  t h r u s t  on the  p l a t e  Tax i s  :
T a x  =  —  S i r n u R 1* 3 3 7
2h3
S im ila r ly ;  fo r  th e  c o n e -p la te  geometry with a sm all gap a n g le ,  
we can assume th a t  equation  3.35 i s  v a l i d .  S u b s t i tu t in g  f o r  h = r 0 Q 
in  3 .35 , we f in d
3 p 2 2  -  . 6 n u  3 . 5 S
§r r 2 0 3
0
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TABLE 3.4
T hrusts  due to  a x ia l  movement
Geometry 0 O or h Maximum Tax . (dyn)
c o n e -p la te 1.92° 4918
c o n e-p la te 3.93° 573
c o n e-p la te 6 . 0 ° 161
p a r a l l e l  p l a t e 0.0861 cm 1130
p a r a l l e l  p l a t e 0.108 cm 574
p a r a l l e l  p l a t e 0.136 cm 287
and the  t h r u s t  on the  p l a t e  i s
T a x  =  -  6 T t n u R  3  3 9
6 3 0
To e s t im a te  the  o rder  of magnitude of we w i l l  t r e a t  
the  a x ia l  movement independen tly  o f  any flow due to  r o t a t i o n .  This 
i s  j u s t i f i e d  s in ce  we only wish to  see i f  sm all a x ia l  movements 
could produce la rg e  t h r u s t s  w ith h igh v i s c o s i t y  f l u i d s .
Let us assume t h a t  u i s  a r e s u l t  o f  a s in u s o id a l  a x ia l  
movement of amplitude Ah occu rr ing  tw ice every r e v o lu t io n .  The 
maximum va lue  o f  u w i l l  be 2ftAh. The maximum th r u s t s  have been 
c a lc u la te d  using  va lu es  r e le v a n t  to  the  p re s e n t  ap para tu s ;
Ah = 10"6 cm, ft = 0.0375 rev/m in and n = 5 x 105 p o is e .  The 
r e s u l t s  c a lc u la te d  from equations  3 .37 and 3 .39^are  shown in  t a b l e  3 .4  
f o r  the  geom etries used in  the  p re s e n t  s tudy .
Table 3 .4  in d ic a te s  th a t  th r u s t s  developed as a r e s u l t  o f  
any a x ia l  movement w i l l - o n ly  be s i g n i f i c a n t  w ith  the  s m a l le s t  gap 
angle (1 ,9 2 ° ) .  In a l l  o th e r  cases th e se  t h r u s t s  w i l l  be le s s  th an  
the  v a r i a t i o n  in  the  t h r u s t  during  an experim ent. The d i f f i c u l t i e s  
in  ob ta in in g  r e l i a b l e  d a ta  w ith  a gap angle of 1.92° a re  d iscu ssed  
l a t e r .
3 .7  Experimental R esu lts
Of the  m a te r ia l s  desc r ib ed  in- t a b le  3 .1 ,  only depolymerized 
n a tu ra l  rubber and the  p o ly iso b u ty len es  were s tu d ie d  in  d e t a i l  
u s ing  the  p a r a l l e l  p l a t e  and c o n e -p la te  g eom etr ie s .  Since th e  
experim ental d e t a i l s  were s l i g h t l y  d i f f e r e n t  f o r  the  th re e  
m a te r ia l s  they w i l l  be d iscussed  in  tu rn .
The shear r a t e  a t  the  f r e e  boundary G(R} in  p a r a l l e l  p l a t e  
experiments i s  determined by (a) the  r a d iu s  of th e  p l a t e s ,  (b) th e
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FIGURE 3 Lorival R25, 23.5°C - P a r a l l e l  p l a t e  to rque  d a ta  
h (cm)
O 0.0762 
A 0.0635
95% confidence l im i t s
speed of r o t a t i o n  and (c) the  spacing between the  p l a t e s .  In the  
p re s e n t  experiments only the  l a s t  two were v a r ie d .
( i )  Depolymerized N atura l Rubber (L orival R25)
The experiments were c a r r ie d  out a t  room tem pera tu re .
Torque and t h r u s t  read ings  were ob ta ined  in  each geometry as 
a fu n c t io n  of the  speed of r o t a t i o n ,  w ith  a p la te n  tem pera ture  of 
23.5 ± 0.5°C. For the  c o n e -p la te  measurements the  cone g iv ing  a 
gap angle o f  3.93° was used and th re e  independent samples were 
s tu d ie d .  The gap between the  p l a t e s  in  the  p a r a l l e l  p l a t e  m easure­
ments were s e t  a t  0.0635, 0.0762 and 0.102 cm in  su ccess iv e  
experim ents. One sample was s tu d ie d  a t  the  f i r s t  s e t t i n g  and two 
a t  each of the  o th e r  s e t t i n g s .  The range o f  shear r a t e  covered 
was about 0.02 to  0.3 s e c - 1 .
The p a r a l l e l  p l a t e  to rque  r e s u l t s  a re  shown in  f ig u r e  
3 .8 ,  and we see t h a t  (3M/2ttR3) i s  a fu n c t io n  o f G(R) on ly , as 
demanded by the  th eo ry .  Each p o in t  in  t h i s  f ig u re  i s  the  mean 
va lu e  ob ta ined  a t  th a t  p e r ip h e ra l  sh ea r  r a t e .  Using lo g a r i th m ic  
c o o rd in a te s , a second o rder polynomial was f i t t e d  to  the  d a ta  by 
l e a s t  sq u ares ,  the  curve ( s o l id  line) , and 95% confidence l im i t s  
(broken l in e )  a re  shown in  f ig u r e  3 .8 .  D e ta i l s  and th e  techn ique  
f o r  curve f i t t i n g  and c a lc u la t in g  confidence l im i t s  a re  d iscu ssed  
by P la c k e t t  (1960). The equation  of the  l in e  i s
log(3M/2ttR3) = 4.464 + 0.8218 log G(R) - 0.03545 [log G(R) ] 2 3 .40
n* (equation  3.27) was ev a lua ted  from equation  3.40 by 
d i f f e r e n t i a t i o n  and p 2i (R) c a lc u la te d  from 3 ,26 . The va lue  of 
P2 i ob ta ined  as a fu n c t io n  of sh ea r  r a t e  i s  g iven by the  s o l id  l i n e
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■FIGURE 3 .9  Lorival R25, 23.5°G - Comparison of co n e -p la te  and 
j p a r a l l e l  p l a t e
L _  A  cone p l a t e  ---------  p a r a l l e l  p l a t e
j FIGURE 3.10 L orival R25, 2 3 .5°C - T h r u s t  d a ta
h (cm) □ ,0.102  
O 0.0762 
A 0.0635
 ---------- : 95% confidence l im i ts •*» •
N
or
m
al
 
St
re
ss
 
D
iff
er
en
ce
 
(d
y
CMi
E
o
c
2
FIGURE 3.11 L orival R25, 23.5°C - Normal s t r e s s  
d i f f e r e n c e s
0 *1 
  Co I -  a 2)
in  f ig u r e  3 .9 .  The p o in ts  a re  the  average va lue  ob ta ined  a t  each 
shear  r a t e  in  the  c o n e -p la te  system, where p 2i was c a lc u la te d  
\  from equation  3 .11 . The s c a t t e r  of th e  p a r a l l e l  p l a t e  d a ta  i s  
in d ic a te d  by the  confidence l im i t s  in  f ig u r e  3 .8 .  The 95% 
confidence l im i t s  of the  c o n e -p la te  r e s u l t s  expressed as a 
pe rcen tage  of the  mean va lues  a re  between 6  and 9%. Thus, though 
th e re  i s  some s c a t t e r  the  agreement between the  2 geom etries  i s  
rea so n ab le .
The t h r u s t  d a ta  from th e  p a r a l l e l  p l a t e  experiments 
show more s c a t t e r  ( f ig u re  3 .10) bu t (2T /ttR2) depends only on 
G(R). As b e fo re  a second o rder polynomial was f i t t e d  to  th e  d a ta  
and the  95%‘ confidence l im i t s  c a lc u la te d .  These are  shown in  
f ig u r e  3.10 as s o l id  and broken l in e s  r e s p e c t iv e ly .  The equation  
of the  l in e  i s
log (2T/ttR2) = 4.609 + 1.534 log G (R) + 0.1549 [log G(R) ] 2 3.41
Equation 3.41 was d i f f e r e n t i a t e d  to  g ive  m' (equation  3.23) and 
(a i~ a 2) was c a lc u la te d  from 3 .22 .
The dependence of ( c t ;l - g 2) on sh ea r  r a t e  i s  shown in  
f ig u r e  3.11-, the  s c a t t e r  in  the  d a ta  i s  in d ic a te d  by th e  confidence  
l im i t s  in  f ig u r e  3 .10 . The mean v a lu e s .o f  o j , ob ta ined  in  the  
c o n e -p la te  experiments a re  a lso  given in  f ig u r e  3 .1 1 , the  s c a t t e r  
. in  t h i s  d a ta  i s  a lso  la rg e ,  the  95% confidence l im i t s  a re  ± 5 to  17% 
of the  mean v a lu e s .
The r e s u l t s  in d ic a te  t h a t  a 2  i s  n e g l ig ib le  compared w ith 
a i ,  bu t th e re  i s  a tendency f o r  Gi to  f a l l  below ( o i - q 2) a t  lower 
shear  r a t e s . However, the  s c a t t e r  i s  la rg e ,  the  d i f f e r e n c e s  i f  
r e a l  a re  sm all ,  and we cannot conclude t h a t  th e re  i s  any s i g n i f i c a n t  
d i f f e r e n c e  between the  r e s u l t s  i . e .  t h a t  a 2  0 .
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The r e s u l t s  f o r  a 2 were no t conclusive  and c le a r ly  a 
more r ig o ro u s  s t a t i s t i c a l  experim ental design  was needed. Since 
t h r u s t  was found to  be more s e n s i t i v e  to  tem perature  v a r i a t i o n s  
than  to rq u e ,  we can . a t t r i b u t e  some o f the  s c a t t e r  in  f ig u r e  3.10 
to  poor tem perature  c o n tro l  under ambient co n d i t io n s .  The 
measurements w ith  the  p o ly iso b u ty len es  were, th e r e f o r e ,  c a r r ie d  
out a t  29.25°C which gave b e t t e r  tem perature  c o n tro l  (± 0 .25°C).
Since o 2  i s  eva lua ted  from th e  d i f f e r e n c e  between t h r u s t  r e s u l t s  
ob ta ined  in  co n e -p la te  and p a r a l l e l  p l a t e  g eom etr ies ,  the  d a ta  
should be ob ta ined  a t  th e  same va lu es  o f  shear r a t e .  This was 
achieved in  the  p o ly iso b u ty len e  experiments by a d ju s t in g  the  
spacing in  p a r a l l e l  p l a t e  experiments so t h a t  the  p e r ip h e r a l  
sh ea r  r a t e s  corresponded to  th e  co n e -p la te  shear  r a t e .
( i i )  V istanex LM-MH
For th e  p a r a l l e l  p l a t e  experiments th re e  gap s e t t i n g s  
were used , 0 .136, 0.108 and 0.0861 cm. Two independent samples 
were s tu d ie d  a t  th e  f i r s t  two spacings and one sample a t  the  t h i r d .  
For the  c o n e -p la te  measurements the  cone g iv ing ' a gap ang le  o f  
3.93° was used and fo u r  independent samples were s tu d ie d .  The 
d i f f e r e n c e  between the  p e r ip h e ra l  sh ea r  r a t e s  in  the  p a r a l l e l  
p l a t e  system a t  the  s e t t i n g s  above and the  c o n e -p la te  sh ea r  r a t e s  
was <1%. The range o f sh ea r  r a t e s  covered was 0.0181 to  0.228 s e c - 1 .
The p a r a l l e l  p l a t e  d a ta  must be d i f f e r e n t i a t e d  to  g ive  
( a i - a 2) and p 2i as fu n c t io n s  o f  the  shear  r a t e ,  (equa tions  3 .2 2 ,  
3 .2 3 , 3.26 and 3.27) and s in ce  g ra p h ic a l  techn iques  a re  u n r e l i a b l e  a 
num erical method was used , movable s t r i p  d i f f e r e n t i a t i o n  (Hershey 
e t  a l  1967). A low order  polynomial i s  f i t t e d  to  an odd number o f 
p o in ts  c en tred  on the  p o in t  r e q u ire d  and the  fu n c t io n  d i f f e r e n t i a t e d
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j FIGURE 3.12 V istanex  LM-MH, 29.25°C - Comparison of 
co n e -p ia te  and p a r a l l e l  p l a t e
i o  c o n e -p la te
j -— .------  p a r a l l e l  p l a t e
a n a ly t i c a l l y  to  g ive the  s lo p e .  The 95% confidence l im i t s  a re  a 
convenient e s t im a te  of the  e r r o r  in  th e  s lope  and th e se  were a lso  
c a lc u la te d .  Each s e t  of d a ta  was p rocessed  by t h i s  method. This 
technique i s  d iscussed  in  d e t a i l  in  Appendix A.
Good r e s u l t s  were ob ta ined  using  e i t h e r  the  5 or 7 p o in t  
formula., f o r  both  the  t h r u s t  and to rque  d a ta .  The confidence l im i t s  
on the  7 p o in t  formula were u s u a l ly  sm a lle r  and the  d e r iv a t iv e s  
tended to  be smoother, so th e se  were used to  c a lc u la te  th e  s lo p e s .
Second o rder polynomials gave an adequate f i t  to  the  log 
(3M/2ttR3) versus  log G (R) r e s u l t s  over 7 p o in ts  and th e se  were 
used to  c a lc u la te  n ’ , which decreased  from about 0 .9 to  0 .6  as the  
shear  r a t e  in c reased  and the  95% confidence l im i t s  were a l l  <±0.1.
An e r r o r  o f ' 0.1 in  the  s lope  only a f f e c t s  th e  c a lc u la te d  va lue  of
4
P2 1  by 3% and the  use of t h i s  method to  c a lc u la te  n f i s  j u s t i f i e d .
The mean v a lu es  of p 2i in  the  p a r a l l e l  p l a t e  geometry 
c a lc u la te d  from equation  3.26 a re  shown in  f ig u r e  3.12 as a fu n c t io n  
o f  shear  r a t e  ( s o l id  l i n e ) .  The p o in ts  in  t h i s  f ig u r e  a re  th e  
mean va lues  obta ined  from c o n e-p la te  measurements where p 2i was 
c a lc u la te d  from 3 .9 .  The agreement between the  two geom etries  i s  
e x c e l le n t .
The log (2T /ttR2) _ i 0g G(R) r e s u l t s  were adequate ly
re p re sen ted  by l i n e a r  p lo t s  over 7 p o in ts  and th e se  were used to  
e s t im ate  m* (equation  3 .2 3 ) .  m’ decreased  from about 1 .8  to  1.5 
over the  range of shear r a t e s  s tu d ie d  and the  9 5 % confidence l im i t s  
were a l l  <±0.12. This e r r o r  in  m* w o u ld .a l te r  the  c a lc u la te d  
va lue  o f  ( o i - a 2) by only 2 % and was th e re fo re  n eg lec ted  in  the  
subsequent s t a t i s t i c a l  a n a ly s i s .  Since the  s c a t t e r  in  th e  o r ig i n a l  
d a ta  i s  about ± 1 0 % we a re  j u s t i f i e d  in  igno ring  any e r r o r  in  m '.  ;
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TABLE 3.5
Vistanex LM-MH, 29.25°C. - Normal stress differences
G(sec - 1
Normal S t r e s s  D iffe rence  
x 1 0 " 3 dyn cm- 2 a 2
° 1
3.95% Confidence Limits
' - . 0 1 (ci - a 2) <*1 O l - a 2)
0.0181 1.99 2.09 0.05 1 2 . 1 4.4
0.0228 2.94 3.25 0.105 8 . 2 9.5
0.0288 4.26 4.99 0.171 9.5 7.4
0.0362 6.49 7.20 0.109 6.3 7.6
0.0455 9.63 10.5 0.090 9.1 6.7
0.0572 13.9 16.2 0.165 7.8 7.9
0.0721 20.5 22.7 0.107 12.9 5.6
0.0908 28.2 33.8 0.199 12.4 6  i 2
0.114 39.1 46.9 0.199 13.5 r 3 .7
0.144 56.1 67.7 0.207 b 7.7
0.181 77.4 94.7 0.224 b 1 0 . 6
0.228 109. 131. 0.297 b 9.6
r
a Expressed as percen tage  o f  mean va lue  
b Only 2 r e s u l t s
(ai-a2) was then calculated from equation 3.22.
( a l ~ c r 2 )  i s  shown in  f ig u r e  3.13 as a fu n c t io n  o f  shear 
r a t e  with the  value  o f  oi ob ta ined  from c o n e-p la te  measurements 
using  equation  3 .5 .  Each p o in t  in  f ig u r e  3.13 i s  the  mean va lue  
ob ta ined  a t  t h a t  p a r t i c u l a r  sh ea r  r a t e .  The d a ta  a re  a lso  given 
in  t a b le  3 .5  w ith t h e i r  95% confidence l im i t s . '  Although th e re  i s  
some overlap  in  the  confidence l im i t s  the  c o n e -p la te  r e s u l t s  a re  
c o n s i s te n t ly  lower than  the  p a r a l l e l  p l a t e  r e s u l t s  which in f e r s  
t h a t  a 2  <0. S tudents  t - t e s t  was ap p lied  to  th e  d a ta  shown in  
ta b le  .3 .5  to  see i f  the  d i f f e r e n c e s  were r e a l  and th e  a n a ly s is  
in d ic a te d  th a t  the  d i f f e r e n c e s  a re  s t a t i s t i c a l l y  s i g n i f i c a n t .  We 
can, th e r e f o r e ,  conclude t h a t  cr2 i s  n e g a t iv e .  Also we see from 
ta b le  3 .5  t h a t  the  r a t i o  a 2/ a i  in c re a se s  as th e  shear r a t e  
in c re a s e s .
Lodge 0-964) showed th a t  the  assumed s t a t e  o f  flow in  
th e  c o n e -p la te  geometry does no t s a t i s f y  th e  equations  of m otion, 
bu t i s  compatible in  p a r a l l e l  p l a t e  experim ents. The r e s u l t s  
ob ta ined  f o r  p 2} in  the  two geom etries were however c o n s i s te n t  which, 
suggests  t h a t  the  assumed flow in  c o n e -p la te  experim ents,
(equation  3 . 1 ) ,  i s  a reasonab le  approxim ation.
W alters § Waters (1968) showed t h e o r e t i c a l l y  t h a t  th e  
equations  o f motion are  s a t i s f i e d  i f  th e re  i s  a ls o  a r a d i a l  component 
of flow, c a l le d  secondary flow. Giesekus (1965) showed th a t  th e se  
secondary flows e x i s t s  in  p r a c t i c e .  Since one p la te n  i s  r o t a t i n g  
the  path  of a f l u i d  p a r t i c l e  i s  h e l i c a l  and not c i r c u l a r  as assumed 
in  the  e a r l i e r  t h e o r e t i c a l  a n a ly s i s .
MarkoVitz (1957), Jo b l in g  § Roberts (1959) and Adams § 
Lodge (1964) measured the  p re s su re  d i s t r i b u t i o n  developed on th e  
p la t e  w ith  some polymer so lu t io n s  us ing  small gap angles  (<4 °)_.
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TABLE 3.6
\ ,  "
Typica l t h r u s t  r e s u l t s  w ith  1.92° gap - V istanex  LM-MS, 29.25°C.
G (sec -1 ) ft (rev/min) Thrust x 1 Max
0 " 5 (dyn) 
Min
0.0589 0.0188 :0 ,995 0.459
0.0933 0.0298“ 1.99 1.26
0.148 0.0474 3.83 2.98
V
Their results are consistent with equation 3.1. Apparently
secondary flows were too weak to  be d e tec te d  in  th e se  experim ents.
W alters § Waters (1968) a lso  showed t h a t  secondary flow i s  small
in  s teady  shear  experiments w ith  small gap angles  and w i l l  depend
on th e  cone ang le .
C lea r ly  some secondary f lo w . i s  e s s e n t i a l  to  s a t i s f y  the
equations  of motion bu t i t s  e f f e c t  appears to  be sm all and depends
on cone ang le . I t s  e f f e c t  was examined w ith  V istanex LM-MS a t
29.25°C us ing  th re e  cones of vary ing  gap an g les ;  1 .92° , 3.93° and
6 ° ( ta b le  3 .2 ) .
( i i i )  V istanex LM-MS
Three independent samples were s tu d ie d  fo r  each cone over
a range 'o f sh ea r  r a t e s .  For th e  3.93° and 6 9 experiments th e  s t r e s s e s
were c a lc u la te d  in  the  u sua l way from the  mean of read ings  in .e a c h
*
sense of r o t a t i o n .  The i n t e r p r e t a t i o n - o f  r e s u l t s  with th e  1.92° 
gap was no t s t r a ig h t fo rw a rd .  The torque read ings  were normal bu t 
th e  th r u s t  read ings  showed a slow o s c i l l a t i o n .  The p e r io d  o f  th e  
o s c i l l a t i o n  was .h a l f  o f  a r e v o lu t io n  o f  th e  p la te n  and i t s  am plitude 
was s i g n i f i c a n t  ( ta b le  3 .6 ) .
We have seen th a t  th e re  i s  an in h e re n t  p e r io d ic  a x ia l  
movement of the  r o ta t in g  member in  the  in s trum en t occu rr ing  tw ice 
every re v o lu t io n ,  which could produce s i g n i f i c a n t  p e r io d ic  t h r u s t s  
f o r  Newtonian f lu i d s  i n  sm all gap a n g les .  The am plitudes o f  th e  
o s c i l l a t i o n s  shown in  t a b le  3 .6  a re  o f  th e  same o rd e r  as the  
e s tim ated  va lue  f o r  a Newtonian f l u i d  of s im i la r  v i s c o s i ty  in  th e  
same geometry ( ta b le  3 .4 ) .  We can, t h e r e f o r e ,  a t t r i b u t e  th e  behav iour 
shown in  ta b le  3 .6  to  a x ia l  movement. .
I t  was assumed th a t  t h i s  o s c i l l a t i o n  was superimposed on 
the  t h r u s t  developed in  s teady  r o t a t i o n .  The va lu es  of a j were
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FIGURE 3.16 V istanex  LM-MS, 29.25°C - Normal s t r e s s  d i f f e r e n c e s
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TABLE 3.7
Vistanex LM-MS, 29.25°C. - Normal stress differences
G (sec - *)
Normal S tre s s  D ifference  
x 1 0 “ 3 (dyn cm-2 ) _  a 2  
<*1
cl95% Confidence Limits
(a! - cr2) (0 i - a 2)
0.0362 3.34 4.01 0 . 2 0 1 9.2 8.3
0.0455 4.99 5.52 0.106 12.9 6 . 0
0.0572 7.17 8.14 0.135 12.7 4.4
0.0721 10.5 11.7 0.114 7.0 5.6
0.0908 15.7 17.3 0 . 1 0 2 7.7 5,4
0.114 . 2 2 . 8 25.3 0 . 1 1 0 10.3 9.6
0.144 33.1 37.0 0.116 8.4 5.2
0.181 45.2 51.1 0.131 10.4 5.1
0.228 61.3 70.6 0.152 22.5 3.0
a. Expressed as percen tage  o f  mean value
/
th e re fo re  c a lc u la te d  from the  average of th e  maximum and minimum 
t h r u s t s  in  each sense of r o t a t i o n .
The r e s u l t s  of th e  experiments w ith the  d i f f e r e n t  cones 
a re  shown in  f ig u r e  3 .14 . In s p i t e  o f  the  u n c e r ta in  n a tu re  o f  the  
1.92° r e s u l t s  the  agreement f o r  both  ctj and p 2i i s  good. I t  
appears t h a t  secondary flow e f f e c t s  were n e g l ig ib le  in  th e se  
experiments and we were j u s t i f i e d  in  using  equations  3 .9  and 3.11 
to  c a lc u la te  a \  and p 2 i .
P a r a l l e l  p l a t e  d a ta  was a lso  ob ta ined  on V istanex  LM-MS 
a t  the  gap s e t t i n g s  used fo r  V istanex LM-MH. The t e s t  tem peratu re  
was the  same as in  the  c o n e -p la te  experiments (29.25°C ). Two 
independent samples were s tu d ie d  a t  each gap s e t t i n g  and as b e fo re  
r e s u l t s  were independent of gap s e t t i n g .
4
The r e s u l t s  were p rocessed  by th e  procedure used f o r  
V istanex LM-MH-. The va lues  of p 2i ob ta ined  in . ' th e  geom etries  a re  
shown in  f ig u re  3 .15 . The l in e  re p re se n ts  the  mean v a lu es  o f  th e  j ?
p a r a l l e l  p l a t e  d a ta  and each p o in t  the  va lue  ob ta ined  in  th e  cone- 
p l a t e  us ing  the  3.93° gap ang le . The agreement between the  two 
s e t s  of d a ta  i s  e x c e l le n t .
The normal s t r e s s  d i f f e r e n c e s  ( a i - a 2) and a j  a re  shown 
in  f ig u r e  3.16 where each p o in t  i s  the  mean va lue  a t  the  sh ea r  r a t e .  
The d a ta  a re  a lso  shown in  ta b le  3 .7  w ith  t h e i r  95% confidence 
l im i t s .  S tudents  t - t e s t  was ap p lied  to  the  d a ta  and in d ic a te d  t h a t  
a 2 < 0  c o n s is te n t  w ith the  p rev ious  r e s u l t s  on the  h ig h e r  v i s c o s i t y  
V istanex LM-MH. The r a t i o  cf2 / a l i s  lower in  t h i s  case and does 
not seem .to depend on the  shear r a t e .
The co n e -p la te  r e s u l t s  shown in  t a b le  3 .7  were o b ta ined  
• from fewer measurements than the  p a r a l l e l  p l a t e  d a ta ,  which ex p la in s  
the  d i f fe ren c e ' in  the  confidence l i m i t s .
- 49 -
FIGURE 3 .1 7  V i s t a n e x  LM-MH, 29.2S°C - P a r a l l e l  p l a t e  bounda ry  
c o n d i t i o n s  a t  f r e e  s u r f a c e
3.8 Discussion
In the  t h e o r e t i c a l  a n a ly s is  of th e se  experiments we 
assumed th a t  the  shape o f the  f r e e  boundary i s  defined  by the  
c o -o rd in a te  system. Thus, f o r  the  c o n e -p la te  geometry we assume 
t h a t  the  f r e e  boundary i s  p a r t  o f a sphere and in  th e  p a r a l l e l  
p l a t e  p a r t  o f  a c y l in d e r .  In p r a c t i c e  t h i s  i s  no t so , s in c e  
su r fa ce  te n s io n  e f f e c t s  produce a su r fa ce  which is. concave. The 
e f f e c t  of t h i s  d e p a r tu re  from id e a l  cond itions  was checked in  a 
s e r i e s  o f  experiments us ing  p a r a l l e l  p l a t e  geometry. The gap 
between the  p la t e s  was a l t e r e d  so t h a t  the  shape of th e  f r e e  
boundary was convex, f l a t  ( id e a l )  and concave in  tu r n  ( f ig u re  3 .1 7 ) .  
Obviously the  top 'tw o  p r o f i l e s  a re  u n s tab le  and w i l l  tend  to  a 
concave p r o f i l e  in  tim e, however some spo t checks could be c a r r ie d  
out w ith the  boundaries shown in  f ig u r e  3 .17 . The measured t h r u s t s  
and to rques  d id  not depend on the  shape o f  the  boundary bu t only 
on G(R). The p re c is e  c o n f ig u ra t io n  o f  th e  f r e e  boundary i s  no t 
th e re fo re  im portan t.
P o l l e t t  and h is  co-workers (see Cooper, Khanna, § P o l l e t t  
1968) have re p o r te d  t h a t  th e  continuous shearing  o f  polymer m elts  
r e s u l t e d  in  rh e o lo g ic a l  breakdown.. The s t r e s s e s  d id  no t reach  a, 
co n s tan t  va lue  bu t a f t e r  pass ing  through a maximum a t  about 1 0  s t r a i n  
u n i t s  decayed r a p id ly  with the  ap p lied  s t r a i n ,  and in  some cases f e l l  
to  le s s  than  50% of th e  maximum v a lu e .
No evidence was found o f  such g ross  change in  the  s t r e s s e s  
w ith  time under normal c o n d it io n s .  However, a t  shear r a t e s  above 
0.3 s e c "-1 th e re  was a f a l l  in  the  s t r e s s e s  s im i la r  to  t h a t  r e p o r te d  
by P o l l e t t ,  bu t t h i s  was always accompanied w ith  a break  up of th e  
flow, p a t t e r n  a t . t h e  edge; an e f f e c t  a lso  noted by Hutton (1963) who 
a t t r i b u t e d  t h i s  to  a f r a c tu r e  mechanism. As t h i s  shear r a t e  was
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approached measurements were made a l t e r n a t e l y  a t  th e  high and a t  a 
low re fe re n ce  shear  r a t e .  The s t r e s s e s  a t  th e  re fe re n c e  shear  r a t e  
only changed s i g n i f i c a n t l y  when th e re  was evidence of a d is tu rb an ce  
in  the  flow p a t t e r n  a t  the  boundary. P o ss ib ly  some o f P o l l e t t ' s  
r e s u l t s  a re  due to  t h i s ,  c e r t a in l y  in  an e a r ly  paper ( P o l l e t t  1955) 
he mentions pushing the  m elt in to  the  t e s t  chamber w ith a ho t 
s p a tu la !
Because of th e  u n c e r ta in  boundary co n d it io n s  which e x i s t  
a t  th e  h ig h e r  sh ea r  r a t e s  i t  i s  no t p o s s ib le  to  o b ta in  r e l i a b l e  
r e s u l t s .  The p re s e n t  r e s u l t s  a re  th e re fo re  . l im ite d  to  shear  r a t e s  
below 0.3 sec - 1  and time dependent e f f e c t s  were no t im p ortan t.
The flow p r o p e r t i e s  in  s teady  shear  flow a re  com pletely  
c h a ra c te r i s e d  by the  th re e  m a te r ia l  fu n c tio n s  n> or and a 2 . These 
fu n c tio n s  have been ev a lua ted  from torque  and t h r u s t  measurements 
in  c o n e -p la te  and p a r a l l e l  p l a t e  geom etries .  The to rque  in  th e  two 
geom etries both  g ive  n and so p rov ides  a convenient check on the  
c ons is tency  of the  method. The d isadvantage  o f  t h i s  techn ique  i s  
t h a t  a 2 was eva lua ted  from the  d i f f e r e n c e  between two measured 
q u a n t i t i e s  of s im i la r  magnitude. Thus, we can only say t h a t  th e  
•po ly isobuty lene  r e s u l t s  in d ic a te  t h a t  0 2  d i f f e r s  s i g n i f i c a n t l y  
from zero , i s  n eg a tiv e  and le s s  than 30% of 0 1 . The va lu es  o f  0 2  
f o r  L orival R25 a re  le s s  c e r t a in  b u t no t  in c o n s i s te n t  w ith  the  
p o ly iso b u ty len e  d a ta .
For a l l  th re e  m a te r ia l s  0 1  in c reased  w ith  shear r a t e  
f a s t e r  than  P21  and tended to  vary  l i n e a r ly  w ith  G2 a t  low shear  
r a t e s ,  while th e  v i s c o s i ty  n tended to  a c o n s ta n t .  This i s  in d ic a te d  
in  f ig u r e  3.18 fo r  V istanex LM-MS and we a lso  see  th a t  n and th e  
q u a n t i ty  (0 1 /G2) decreased  as the  shear r a t e  G in c re a se d .  The o th e r  
m a te r ia l s  behaved s im i la r ly  and the  r e s u l t s  a re  in  agreement w ith
o th e r  pub lished  d a ta  on polymer m elts  (Benbow § Howells 1961, King 
1966). 1 •
The r e s u l t s  r e p o r te d  above w i l l  be compared w ith  the  
p re d ic t io n s  of a number of rh e o lo g ic a l  equations of s t a t e  in  
ch ap te r  7.
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Chapter 4
THE MEASUREMENT OF STRESS RELAXATION AND STRESS GROWTH
4.1 In tro d u c t io n
The t r a n s i e n t  responses o f  e l a s t i c  f lu i d s  when shear  
flow i s  ap p lied  or removed prov ide  a f u r th e r  check on th e  v a l i d i t y  
o f  th e  v a r io u s  rh e o lo g ic a l  equations  of s t a t e .  Two techn iques  a re  
u s u a l ly  considered ; ( i )  a s tep  s t r e s s  fu n c t io n  i s  a p p lied  and the  
s t r a i n  measured as a fu n c t io n  of t im e, e .g .  sh ea r  re co v ery ,  or
( i i )  a s te p  v e lo c i ty  fu n c t io n  i s  ap p lied  and th e  s t r e s s e s  measured 
as a fu n c t io n  o f  t im e , e .g .  s t r e s s  r e la x a t io n .
Attempts to  determ ine the  responses o f  two polymer m elts  
to  ( i i )  a re  d esc ribed  in  t h i s  ch ap te r .  Some of th e  r e s u l t s  r e p o r te d  
h ere  have been pub lished  elsewhere (B a tche lo r ,  Berry § H o rs fa l l  1969). 
L a te r  we w i l l  d e sc r ib e  sh ea r  recovery  measurements.
4 .2  Theory ^
Assuming a r e c ta n g u la r  C ar te s ia n  co -o rd in a te  system x i  x 2  X3 
(eq u iv a len t  to  § 1, £ 2  £ 3  r e s p e c t iv e ly ) ,  then  we w i l l  co n s id e r  th e
responses  o f  the  m a te r ia l  to  the  fo llow ing  v e lo c i ty  d i s t r i b u t i o n s :
V 1 = Gx£ [1- H (t)J  ; V2  = V3 = 0 4 .1
L -
Vi = GX2  H (t) ; v2  = v 3 = 0 4 .2
Where G i s  the  s teady  s t a t e  shear r a t e ,  t  i s  th e  time and H (t)  i s  th e  
H eaviside fu n c t io n  defined  by
H (t) = 0 t  < 0
H (t) = 1 t ;>  0
Thus 4.1  and 4 .2  correspond to  s t r e s s  r e la x a t io n  and s t r e s s  growth
experiments r e s p e c t iv e ly .
For t  > 0 th e  s t r e s s e s  w i l l  be denoted by P 2 i ( t )  and 
o \  ( t ) . Thus P2 1  (°°) and Qj '(°°) a re  th e  s tead y  s t a t e  s t r e s s e s  in
growth experim ents, and p 2 1 (0 ) and 0 ^(0 ) a re  th e  s teady  s t a t e
4 .3
i  s t r e s s e s  in  r e la x a t io n  experim ents.t
The c o n e -p la te  v iscom eter  i s  a convenient appara tus  
f o r  ca rry in g  out th e  experiments s in ce  the  shear  r a t e  i s  co n s tan t  
th roughout the  sample and th e  co n d it io n s  s p e c i f i e d  by equations  
4 . 1 . and 4.2 can, in  p r i n c i p l e ,  be achieved . The b a s ic  assumptions 
and theo ry  of t h i s  ins trum ent have been d iscussed  p re v io u s ly  
(ch ap te r  3 ) .
4 .3 .  Experimental Procedure
The experiments were c a r r i e d  out on the  rheogoniom eter 
d esc r ib ed  in  the  p rev ious  c h ap te r .  A c o n e -p la te  geometry g iv in g  
a gap ahgle o f -3.93° was used in  a l l  experim ents. The d iam eter  o f  
th e  p la te n s  was 5 cm.
The experim ental m a te r ia l s  were the  two p o ly iso b u ty le n es  
d esc r ibed  -in the  p rev ious  ch ap te r  (Vistanex LM-MH and V istanex  LM-MS) 
and a low conversion alkyd r e s in  P a ra lac  385 (ICI L td . ,  D yestu ffs  
D iv i s io n ) . The p o ly iso b u ty len e  samples were p repared  and in s e r t e d  
between the  p la te n s  by the  techn ique  desc r ib ed  in  ch ap te r  3. P a ra la c  
385 was hea ted  to  about 90°C and simply poured onto th e  bottom p la t e n .
The ou tpu t s ig n a ls  from the  to rque  and t h r u s t  t ra n sd u c e rs  
were passed  through a f i l t e r  network to  remove high frequency n o is e ,  
and then  d isp layed  on an u l t r a v i o l e t  re c o rd e r  (SE 2005 S.E. 
L a b o ra to r ie s ) . There were a number o f  d i f f i c u l t i e s  which occurred  
during  the  experim ents, a s so c ia te d  w ith :
( i )  The d r iv e  system 
( i i )  S p e c i f ic a t io n  of th e  boundary co n d it io n s
( i i i )  The measurement o f  the  r e l a x a t io n  and growth o f 
These a f f e c t  both r e l a x a t io n  and growth experiments bu t we w i l l  only 
cons ider  t h e i r  in f lu en c e  on r e l a x a t io n .  S im ila r  arguments w i l l  
apply to  growth measurements.
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(i) Drive system
The d r iv e  i s  t r a n s m i t te d  to  the  bottom p la te n  through 
a c lu tc h  d is c  he ld  in  co n tac t  w ith  th e  d r iv in g  p l a t e  by an e l e c t r o -
\
magnetic c o i l  ( f ig u re  4 .1 ) .  The brake i s  ap p lied  by a s im i la r  
p l a t e  a t ta ch ed  to  the  body o f th e  a p p a r a tu s . Brake o r  d r iv e  i s  
ob ta ined  by e n e rg is in g  the  r e s p e c t iv e  c o i l .  The m anufacturer 
| claims th a t  s topp ing  and s t a r t i n g  occurs in  le s s  than  1 0  ms.
Some p re l im in a ry  measurements were made to  check the  
o p e ra t io n  o f  the  b ra k e -d r iv e  system using  V istanex LM-MH as the  
t e s t  m a te r ia l  a t  29.25°C. Only to rque  was recorded  in  th e se  
exper im en ts .
The sample was deformed a t  a shear r a t e  o f  about 
10~ 2  s e c - 1  u n t i l  s teady  s t a t e  cond itions  were a t t a in e d .  The b rake  
was then  ap p lied  and the  to rque  recorded  as a fu n c t io n  o f  t im e .
The r e la x a t io n  t r a c e s  were no t rep ro d u c ib le  under nom inally  th e  
same co n d i t io n s ,  and t h i s  seemed to  be connected w ith th e  method o f  
o p e ra t in g  the  b ra k e -d r iv e  sw itch . Since no i r r e g u l a r i t y  could be 
seen in  the  d r iv e  the  b ra k e -d r iv e  o p e ra t io n  was examined 
e l e c t r o n i c a l l y .
Relays were connected across  th e  c o i l s  and s e t  to  o p e ra te  
th e  event marker on the  u l t r a v i o l e t  r e c o rd e r .  This was to  determ ine 
p r e c i s e ly  when one c o i l 1 energ ised  and th e  o th e r  d e -e n e rg ise d .  The 
r o t a t i o n  o f  the  sp in d le  was monitored w ith the  arrangement shown in  
f ig u r e  4 .2 ,  where the  t ra n sd u ce r  body was clamped in  a s tan d  r e s t i n g  
on the  base o f  th e  rheogoniom eter. The ou tpu ts  from t h i s  t ra n s d u c e r  
and the  to rque tra n sd u ce r  were d isp lay ed  s im ultaneously  on the  
re c o rd e r .  I n . t h i s  way we could determ ine what happened to  th e  to rq u e  
and r o t a t i o n  when the  brake was a p p l ie d .
When no s p e c ia l  care  was taken  to  o p e ra te  th e  b ra k e -d r iv e  
r o ta r y  sw itch , the  r e s u l t  shown in  f ig u r e  4 .3  .was o b ta in ed .  There
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was a time delay  of 70 ms between disengaging the  c lu tch  and 
applying the  b rake . During t h i s  p e r io d  the  r a t e  of r o t a t i o n  
increased ,,  c o n s is te n t  w ith the  observed r i s e  in  to rq u e .  Obviously 
f ig u r e  4 .3  does no t r e p re s e n t  r e l a x a t io n  from s teady  flow 
c o n d i t io n s .
There i s  a genera l  tendency to  use more care and tu rn  the  
r o ta r y  sw itch  s low ly. The r e s u l t  o f  t h i s  i s  shown in  f ig u r e  4 .4 .
The i n t e r v a l  when the  bottom p la te n  was n e i th e r  d riven  nor braked 
in c reased  and the  e f f e c t  on the  to rque  was more sev e re .  .There was 
a dead spo t when n e i th e r  c o i l  was energ ised  which could be h e ld  
i n d e f i n i t e l y .
; The r o ta r y  b ra k e -d r iv e  sw itch  was re p laced  by a to g g le  
sw itch g iv ing  th e  r e s u l t  shown in  f ig u r e  4 .5 .  The changeover was 
too f a s t  to  d e te c t  and th e  t r a c e s  were iridependent of th e  method of 
o p e ra t io n .  There was s t i l l  a s l i g h t  d is tu rb a n c e ,  marked ’A’ in  
f ig u r e  4 .5 .  This i s  b e l iev ed  to  be due to  mechanical v ib r a t io n  
which i s  t ra n s m it te d  to  the  to rque  b a r .  Reducing the  v o l ta g e  to  
th e  c o i l s  or the  d is ta n c e  between th e  brake and d r iv e  p l a t e  had no 
e f f e c t .  Braking was s lu g g ish  i f  th e  v o l ta g e  dropped, and the  
d is ta n c e  between the  p l a t e s  i s  c r i t i c a l l y  a d ju s te d  to  avoid f r i c t i o n  
in  the  d r iv e  p o s i t io n .
The d is tu rb a n ce  was small and most o f  th e  curve could be 
i n te r p r e te d  s a t i s f a c t o r i l y .  However during  th e  f i r s t  few m i l l i ­
seconds the  d a ta  are  u n c e r ta in .  A ll th e  subsequent r e s u l t s  were 
ob ta ined  w ith  the  to g g le  sw itch .
( i i )  Boundary co n d it io n s  f o r  s t r e s s  r e l a x a t io n
The v e lo c i ty  d i s t r i b u t i o n  i s  assumed to  be g iven by 4 .1 ,  
thus the  sample should be held  between f ix e d  boundaries  during  a
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r e la x a t io n  experim ent. In the  rheogoniometer the  to rque  i s  
c a lc u la te d  from the  d e f le c t io n  of a c a l ib r a t e d  to r s io n  b a r ,  which 
i s  coupled to  the  top  p la te n  ( f ig u re  4 .6 ) .  In s teady  shear  flow 
•the b a r  i s  d e f le c te d  from i t s  n u l l  p o s i t io n  by an amount depending 
on th e  m elt v i s c o s i t y ,  shear  r a t e  and ba r  s t i f f n e s s .  When flow 
ceases the  ba r  r e tu rn s  to  i t s  n u l l  p o s i t io n .  Thus th e  sample 
during  r e l a x a t io n  i s  no t co n s tra in ed  between f ix ed  boundaries  and 
the  co n d ition  s p e c i f ie d  by 4.1 i s  no t achieved . The t r a c e  
recorded  i s  th e  d e f l e c t io n  of the  b a r  from the  n u l l  p o s i t i o n .  The 
f ix e d  p o in ts  a re  the  top of ,th e  to r s io n  ba r  and th e  bottom p la te n ,  in  
p r a c t i c e  the  i n t e r a c t i o n  of the  m a te r ia l  and the*measuring system 
i s  measured.
s tu d ie d  with V istanex LM-MH using  the  th re e  s tan d a rd  to r s io n  b a r s .
The r e l a t i v e  s t i f f n e s s  of th e se  b a rs  i s  1 :17 :58 . The f l u i d  v i s c o s i t y  
a t  th e  t e s t  tem perature  (29.25°C). was about 6.90 x 10“ 5 p o is e  a t  th e
The in co n s is te n c y  of th e se  curves show th a t  th e  i n t e r a c t i o n  between
the  m elt and the  measuring system i s  s i g n i f i c a n t  and r e l i a b l e
re la x a t io n  d a ta  cannot be o b ta ined .
The to r s io n  ba r i s  coupled to  the  p la te n s  to  produce a
Maxwell elem ent. For a Newtonian f l u i d  we should observe a\
’re la x a tio n *  e f f e c t  which can be p re d ic te d  from the  f l u i d  v i s c o s i t y  
and th e  to r s io n  b a r  s t i f f n e s s .  The p re d ic te d  curve f o r  a Newtonian 
f l u i d  i s  (H o rs fa l l  (1969):
The e f f e c t  of th e se  u n s a t i s f a c to r y  boundary co n d it io n s  was
steady  shear  r a t e  o f 10.00229: s e c ” 1 . The r e s u l t s  a re  shown in  f ig u r e  4 .7
4.4
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where £ i s  the  leng th  of th e  to rque arm, 6 0  i s  the  d e f l e c t io n  of the  
arm front i t s  n u l l  p o s i t io n  in  s teady  flow and (2 i s  th e  angu lar  
v e lo c i ty  of the  bottom p la te n  in  s teady  flow.
P a ra lac  385 i s  a convenient m a te r ia l  f o r  t e s t i n g  the  
v a l i d i t y  of 4 .4 . H o rs fa l l  (1969) has shown th a t  i t  i s  a high 
v i s c o s i t y  Newtonian f l u i d  over a wide range o f shear r a t e s  and 
tem pera tu res .  The v i s c o s i t y  - shear  r a t e  c h a r a c t e r i s t i c s  of P a ra lac  
385 ob ta ined  a t  a s e r i e s  o f  tem peratures  a re  shown in  f ig u r e  4 .8 .
I No normal s t r e s s e s  were d e tec te d  in  t h e s e . ex per im en ts . R elaxa tion
experiments were c a r r ie d  out a t  38.5°C and 54°C fo llow ing  s tead y  flow 
a t  shear  r a t e s  o f  0.00723 and 0.114 s e c "'1 r e s p e c t iv e ly .  The 0 .25"
I to r s io n  b a r  was used which has „a s t i f f n e s s  of 1.45 x 108 dyn cm ra d ia n  
j The r e s u l t s  a re  p lo t t e d  in  f ig u r e  4 .9  w ith  th e  p re d ic te d  curve 
| c a lc u la te d  from equation  4 .4 .  The agreement between experiment and
theo ry  i s  good. 1 ~
Newtonian f lu i d s  should r e la x  in s ta n ta n e o u s ly  and th e  r e s u l t s  
in  f ig u r e  4.9  in d ic a te  th e  s ig n i f ic a n c e  o f  the  i n t e r a c t i o n  between the  
m a te r ia l  and the  measuring system. The magnitude of th e se  e f f e c t s  
w i l l ,  from equation  4 .4 ,  depend on the  m elt v i s c o s i t y  and th e  to r s io n  
b a r  s t i f f n e s s . Huppler e t  a l  (1967) re p o r te d  t h a t  th e  e f f e c t s  
desc rib ed  above were n e g l ig ib le  f o r  low v i s c o s i t y  f l u i d s  (<500 p o is e )  
and concluded th a t  r e l i a b l e  t r a n s i e n t  d a ta  cou ld .be  ob ta ined  w ith  th e  
rheogoniom eter.
The experiments were rep ea ted  w ith a lower v i s c o s i t y  polymer 
m elt (Vistanex LM-MS) to  see i f  r e l i a b l e  r e s u l t s  could be o b ta in ed .
The low shear r a t e  v i s c o s i t y  of. t h i s  m elt was about 4.75 x 105 p o ise  
a t  29.25°C. Typical r e s u l t s  ob ta ined  w ith  the  s tan d a rd  to rque  b a rs  
a re  shown in  f ig u r e  4 .10 . The d a ta  w ith  the  0 .25" and 0 .35" d iam eter 
jr b a rs  now c o in c id e ,  bu t the  r e s u l t s  w ith  the  0.125" d iam eter b a r  j a re
0:4O
CL
O
Time (sec)O
FIGURE 4.11 R elaxa tion  o f  a i  and P2 1  f o r  V istanex LM-MS a t  29*25 C 
steady, sh ea r  r a t e  = 0*144 sec - 1 .
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response of servo  system
s i g n i f i c a n t l y  d i f f e r e n t .  Thus e r r o r s  due to  u n s a t i s f a c to r y  
boundary co n d it io n s  seem to  be n e g l ig ib le  provided a s t i f f  to r s io n  
b a r  i s  used . The p r o p e r t ie s  of V istanex LM-MS were s tu d ie d  in  
d e t a i l  u s ing  th e  0 .35" d iam eter to r s io n  b a r .
( i i i )  Measurement o f  th e  r e la x a t io n  o f  ai
The servo  method f o r  determ ining t h r u s t  in tro d u ces  a number 
o f  u n c e r t a i n t i e s . The response  of th e  servo  i s  no t known or easy to  
a sse ss  and the  servo d r i f t s  s t e a d i ly  so t h a t  t h r u s t  d a ta  a re  le s s
r e l i a b l e  and more s c a t t e r e d  than to rque  d a ta .  Also th e  ga in  s e t t i n g
on the  servo  a m p l i f ie r  i s  c r i t i c a l  and i t s  e f f e c t  d i f f i c u l t  to  
determ ine . Thus the  r e l a x a t io n  d a ta  a re  le s s  r e l i a b l e  than  th e  
p 2 i  r e l a x a t io n  d a ta .
The response  o f  the  servo mechanism was checked us in g  a method 
d esc ribed  by Huppler e t  a l  (1967). P a ra lac  385 was in s e r t e d  between 
th e  cone and p l a t e  and th e  tem perature  m ain ta ined  a t  54°C. The 
v i s c o s i t y  o f P a ra lac  385 a t  t h i s  tem perature  i s  approxim ately  th e  
same as V istanex LM-MS a t  29.25°C. Weights were suspe'nded from an 
arm clamped to  the  bottom .p la ten  to  g ive  t h r u s t  read ings  e q u iv a le n t  
to  th e  s tead y  flow va lues  o f  a i f o r  V istanex LM-MS a t  29.25°C. The 
weights were removed and the  decay o f the  t h r u s t  no ted .
A ty p ic a l  r e s u l t  i s  shown in  f ig u r e  4 .11 . The servo  system 
overshoots  by a la rg e  amount b e fo re  s e t t l i n g  to  a s teady  v a lu e .  The 
growth behaviour was s im i la r  and th e re  d id  no t seem to  be any 
dependence on the  ap p lied  load . A ty p ic a l  r e l a x a t io n  curve f o r  
V istanex  LM-MS a t  29.25°C i s  shown f o r  comparison; t h i s  was o b ta in ed  
in  th e  normal way fo llow ing shear  flow . Obviously th e  servo  response  
a f f e c te d  t h i s  r e s u l t  and no t much s ig n i f ic a n c e  can be a t ta c h e d  to  any
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normal stress relaxation data.
4.4  Experimental R esu lts
Only the  r e s u l t s  ob ta ined  w ith V istanex LM-MS w i l l  be 
d iscussed  s in ce  th e se  a re  th e  only ones l ik e ly  to  be r e l i a b l e .  
Experiments were c a r r ie d  out over a range o f shear r a t e s  from
0.00572 to  0.144 sec -1 a t  2 9 .25°C. Normal s t r e s s  r e l a x a t io n  d a ta  . 
were a lso  ob ta ined  b u t ,  as we have seen ,(w ere  no t r e l i a b l e .
The e f f e c t  of the  s teady  shear  r a t e  on the  r e l a x a t io n  of 
P2 1  i s jsh o w n .in  f ig u r e  4 .12 . The s t r e s s  decays m ono ton ica lly  to  
zero and re la x e s  f a s t e r  as the  s teady  shear  r a t e  G in c re a s e s .
However th e  range of G covered was no t la rg e  enough to  be c o n c lu s iv e .  
These r e s u l t s  a re  in  t e n t a t i v e  agreement w ith  the  f in d in g s  o f  
Huppler e t  a l  (1967). *
S im ila r ly  the  growth time o f P2 j. was reduced s l i g h t l y  as 
the  ap p lied  shear r a t e  in c reased  ( f ig u re  4.13)_. No evidence was 
found o f th e  overshoot a t  h igher  sh ea r  r a t e s  re p o r te d  by Huppler e t  a l  
(1967) and Vinogradov § Belkin (1965). P o s s ib ly  the  co n d i t io n s  were 
no t reached where overshoot can occur.
The r e la x a t io n  of oj i s  shown in  f ig u r e  4.11 compared w ith  
the  r e la x a t io n  of P2 .1 • Obviously th e  u n c e r t a in t i e s  d iscu ssed  e a r l i e r  
a re  inc luded  in  f ig u r e  4 .11 , bu t i t  does in d ic a te  t h a t  a j decays more 
s low ly ;than  P2 1 • S im ila r ly  the  growth o f  ai was slower than  p 2i . 
Benbow § Howells (1% 1) have found s im i la r  behaviour w ith  some p o ly -  
d im e th y ls i lo x a n es . We cannot make any comment about the  e f f e c t  o f  G 
on the  r e la x a t io n  and growth of 01  s in ce  the  d a ta  a re  s c a t t e r e d ,  cover 
a l im ited  range o f shear r a t e s  and a re  no t r e l i a b l e .
'4 .5  D iscussion
With high v i s c o s i t y  polymer m elts  i t  may no t be p o s s ib le  to
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o b ta in  r e l i a b l e  r e l a x a t io n  and growth d a ta  w ith  the  rheogon iom eter. 
Experiments with to rque  b a rs  of vary ing  s t i f f n e s s  should in d ic a te  
the  magnitude o f  the  i n t e r a c t i o n  between the  m a te r ia l  and measuring 
system. With V istanex LM-MH th i s  was s i g n i f i c a n t  and the  d a ta  were 
not r e l i a b l e .  P o ss ib ly  d a ta  could be ob ta ined  w ith to r s io n  b a rs  of 
vary ing  s t i f f n e s s  and th e  r e s u l t s  ex tra p o la ted ' to  i n f i n i t e  s t i f f n e s s ;
however e x t ra p o la t io n  may be u n c e r ta in  and re q u i r e  a la rg e  number of
r e s u l t s  to  be s u c c e s s fu l .  For example, e x t ra p o la t io n  o f  the  d a ta  in  
f ig u r e  4 .7  i s  u n l ik e ly  to  be p r a c t i c a l .
The r e s u l t s  w ith  V istanex LM-MS suggest t h a t  r e l i a b l e  d a ta  
can be ob ta ined  on lower v i s c o s i t y  m a te r ia l s  provided a s t i f f  
t o r s io n  ba r  i s  used . In p r a c t i c e  th e re  w i l l  be a l im i t  to  th e
s t i f f n e s s  t h a t  can be t o l e r a t e d  by the' d e f le c t io n  th a t  can be
a c c u ra te ly  measured.
Because of the  servo method f o r  measuring t h r u s t  th e  o i  
r e l a x a t io n  growth r e s u l t s  a re  u n r e l i a b l e ,  bu t i t  i s  p o s s ib le  to  
conclude t h a t  ai re la x e s  and grows much slower than p 2i .
Although the  r e s u l t s  have been obta ined  on the  rheogoniom eter, 
the  f in d in g s  a re  r e le v a n t  to  any in v e s t ig a t io n  of t r a n s i e n t  behav iour 
where s im i la r  techn iques  a re  used to  measure to rq u e .  Other pu b lish ed  
d a ta  on polymer m e l ts ,  (e .g .  P e t ic o la s  1963) may not be f r e e  o f  the  
e f f e c t s  d iscussed  e a r l i e r .
V
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Chapter 5 
THE MEASUREMENT OF SHEAR RECOVERY
5.1 In tro d u c t io n
In th e  p rev ious  chap te r  the  measurement o f  s t r e s s  r e l a x a t io n  
fo llow ing  s teady  shear flow was d iscu ssed .  We saw t h a t  r e l i a b l e  d a ta  
cannot always be ob ta ined  w ith  h igh  v i s c o s i t y  m elts  because o f  th e  
n a tu re  o f  th e  method o f measuring s t r e s s .  T ran s ie n t  measurements on 
e l a s t i c  l iq u id s  a re  u s e fu l  f o r  checking rh e o lo g ic a l  equa tions  of 
s t a t e ,  and in  some cases i s  the  only method o f d i s t in g u is h in g  between 
th e  th e o r ie s  ( H u p p l e r  e t  a l  1967).
The measurement o f  shear  recovery  when an ap p lied  s t r e s s  i s  
removed, i s  unambiguous b u t  does no t seem to  have a t t r a c t e d  as much 
i n t e r e s t  as s t r e s s  r e l a x a t io n  o r s t r e s s  growth. In some p u b lish ed  
papers  ( e .g .  Kotaka e t  a l  1959) shear  recovery  v a lu es  a re  quoted 
which have been d e rived  from some o th e r  measurement assuming a 
p a r t i c u l a r  theo ry  to  be v a l i d .  In t h i s  ch ap te r  r e s u l t s  o f  recovery  
measurements on two p o ly iso b u ty le n es  a re  re p o r te d .  The d a ta  were 
ob ta ined  on a c o n e -p la te  v isco m ete r .
5 .2  Theory
We w i l l  co n s id e r  the  response  o f  th e  m a te r ia l  to  th e  
fo llow ing  shear s t r e s s  h i s to r y
P21Ct) = p 2l(Q) [ l - H ( t ) J  5 .1
where H (t)  i s  th e  H eaviside fu n c t io n  (equation  4 .3 ) .
Thus f o r  time t  < 0 the  co n d it io n s  a re  s tead y  sh ea r  flow 
a t  a co n s tan t  shear s t r e s s  o f  p 2 i (0 ) .  The s t r e s s  i s  removed a t  t=0 
and an e l a s t i c  f l u i d  reco v ers  in  th e  oppos ite  d i r e c t io n  to  th e  
p rev ious  shear  flow . The behav iour o f  the  m a te r ia l  can be c h a r a c t e r ­
is e d  by th e  shear s t r a i n  recovered  y ( t ) ,  a t  time t .
• v '
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FIGURE 5 .1  S c a l e  d iag ram  o f  c o n e - p l a t e  v i s c o m e t e r
FIGURE 5 . 2  C o n e - p l a t e  v i s c o m e t e r
In a c o n e -p la te  v iscom eter y ( t )  i s  given by
Y(t) = [ U t )  -  H o ) ]  /  0O 5 .2
where <f>(t) and H o )  a re  th e  angular p o s i t io n s  o f th e  r o t a t i n g  
member a t  t  and t=0 , measured from some o r ig in ,  and 0Q i s  th e  gap
ang le . The t o t a l  recovery  y^ as t  —> » i s .
y m = [<f>C00) -  H o ) ]  /  0O 5.3
y^ i s  u s u a l ly  c a l le d  th e  reco v erab le  s t r a i n  or e l a s t i c  re c o v e ry .
For a Newtonian f l u i d  ■ -
YCt) = y m = 0 5 .4
The c o n e -p la te  v iscom eter i s  a convenient appara tus  f o r  
measuring y ( t )  and yw s in ce  a homogeneous shear  s t r e s s  i s  ap p lied  
to  th e  sample and the  co n d it io n  s p e c i f ie d  by 5.1 can, in  p r i n c i p l e ,  
be achieved. The b a s ic  assumptions and theory  o f t h i s  v iscom ete r  
have been d iscu ssed  p re v io u s ly  (ch ap te r  3 ) .
5 .3  D esc r ip t io n  of Apparatus
The appara tu s  i s  based on a c o n e -p la te  v iscom ete r  used by 
Benbow § Howells (1961) f o r  s tudy ing  the  v i s c o s i t y  and recovery  
p r o p e r t i e s  of some polymer m e lts .  A co n s tan t  sh ea r  s t r e s s  (P2 1 ) i s  
a p p lied  to  th e  cone by weights^on a cord wound round a p u l le y  a t ta ch e d  
to  th e  r o t a t i n g  s h a f t .  The r e s u l t a n t  r o t a t i o n  and recovery  when th e  
load i s  removed a re  measured by some s u i t a b l e  d ev ice .
A s c a le  diagram o f  the  appara tus  i s  shown in  f ig u r e  5 .1  and 
a photograph in  f ig u r e  5 .2 .  The r o t a t i n g  s h a f t  (2) i s  mounted in  two 
angle  co n tac t  b ear in g s  (4) (SKF ENIO; 10 x 28 x 8 mm) sep a ra te d  by an 
a c c u ra te ly  machined spacer (3 ) . This spacer determ ines th e  s e p a ra t io n  
o f  the  in n e r  ra ces  and l ip s  on th e  bear ing  cover p l a t e s  lo c a te  the  
o u te r  r a c e s .  The p u l le y  assembly (1) i s  b o l te d  to  th e  s h a f t .  The 
a x ia l  movement of th e  s h a f t ' i s  n e g l ig ib le  b u t i t  can r o t a t e  f r e e l y .
The b ear in g s  a re  mounted in  two c i r c u l a r  p l a t e s  (20) which a re  b o l te d
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t o  th re e  support p i l l a r s  (22). These p i l l a r s  a re  f ix e d  to  a heavy 
t r i a n g u l a r  base to  g ive  s t a b i l i t y  to  the  a p p a ra tu s .  The to rque  i s  
a p p lied  by hanging weights on a cord wound round the  p u l le y  (1) and 
over an e x te rn a l  p u l le y .
The cone h o ld e r  (6) i s  s i l v e r  so ld e red  to  the  s h a f t  and 
th e  cone i s  a tta ch ed  by th re e  counter-sunk  A llen  screws which pass 
through hollow b o l t s  a t  th e  lo c a t in g  ho les  (5 ) .  The hollow b o l t s
a re  used to  a d ju s t  th e  t i l t  o f th e  cone. This method o f a t ta c h in g
- - j
and a d ju s t in g  the  cones i s  the  same as used in  th e  rheogoniom eter,
and th e  cones designed f o r  the  rheogoniometer can be used in  t h i s
appara tus  w ithout m o d if ic a t io n .  In  p r a c t i c e  a Tufnol b lock  was
in s e r t e d  between the  cone and (6) to  reduce h e a t  lo s se s  from the
sample. There was no d i r e c t  e l e c t r i c a l  pa th  between th e  cone and
th e  r e s t  o f  th e  ap p a ra tu s .
The bottom p la te n  c o n s is t s  o f  a la rg e  s t a i n l e s s  s t e e l  
c i r c u l a r  p l a t e  (7) w ith  a r a i s e d  c e n t r a l  p o r t io n  of 5 cm d iam e te r ,  
which d e f in e s  the  lower boundary o f the  f l u i d  under t e s t .  (7) i s  
b o l te d  to  a b ra s s  p l a t e  (8 ) ,  which i s ic h a n n e l le d  so t h a t  a l iq u id  
from a th e rm o s ta t ic  tank can be c i r c u la t e d  to  c o n tro l  th e  sample 
tem pera tu re . The whole assembly i s  b ra is e d  to  th e  bottom s h a f t  (9 ) .
The s h a f t  (9) s i t s  on th e  sp in d le  o f  a micrometer (17 ) , 
which d e f in e s  the  v e r t i c a l  p o s i t io n  o f  th e  bottom p la te n .  A b a l l  
bear ing  head, no t shown in  f ig u r e  5 .1 ,  i s  a t ta ch e d  to  th e  end o f  th e  
micrometer sp in d le  g iv ing  a p o in t  c o n tac t  w ith  th e  s h a f t .  The 
micrometer i s  clamped a t  (16) to  th e  housing (15) which i s  b o l te d  to  
a c i r c u l a r  p l a t e  (21) and hence to  th e  supporting  p i l l a r s .  The bottom 
s h a f t  i s  con ta ined  in  the  h o ld e r  (11) which i s  b o l te d  to  (15). The 
micrometer sp in d le  moves the  complete bottom p la te n  assembly (7 ,8 ,9 )  
to  th e  re q u ire d  v e r t i c a l  p o s i t io n  and th e  p la te n  can then  be clamped (IQ),.
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The sample tem perature  i s  c o n t ro l le d  by c i r c u l a t i n g  w ater 
through (8) from an e x te rn a l  th e rm o s ta t ic  tank . The tem pera tu re  i s  
measured by a copper constan tan  thermocouple in  the  bottom, p la te n  
and i s  read  o f f  on a Scalamp Thermocouple Galvanometer (Pye L t d . ) .
The th e rm o s ta t ic  b a th  i s  c o n t ro l le d  by a Tempette u n i t  (Tecam L td . ) .  
The o v e ra l l  tem perature  v a r i a t i o n  was checked by thermocouple.s in  
th e  sample c lo se  to  th e  cone and p l a t e  s u r fa c e s .  These showed t h a t  
th e  o v e ra l l  v a r i a t i o n  in  the  sample tem perature  was ±0.25°C a t  30°C.
5 .4  Method o f Alignment
The techn ique  f o r  a d ju s t in g  th e  p la te n s  so t h a t  they  a re  
c o n ce n tr ic  and p e rp e n d icu la r  to  th e  ax is  o f  r o t a t i o n  i s  s im i la r  to  
the  procedure d esc rib ed  f o r  th e  rheogoniom eter. The c o n c e n t r i c i ty  
o f  th e  bottom p la te n  i s  ad ju s ted  by 4 screws (14) and th e  squareness  
by jack  screws (12). When th e  adjustm ent i s  complete th e  bottom 
p la te n  assembly i s  locked (13). I t  i s  more convenient to  s e t  up th e  
cone in  a la th e  b e fo re  assembly, bu t th e  alignm ent was rechecked 
when i t  was assembled. The p la te n s  were s e t  up to  th e  same accuracy  
as in  the  rheogoniom eter, i . e .  maximum e r r o r  o f  c o n c e n t r ic i ty  on 
each p la te n  <0.005 cm and maximum t i l t  between p la te n s  <0.0004 ra d .
Since th e  cone i s  t ru n c a te d  th e  bottom p la te n  must be 
ad ju s ted  so t h a t  the  cone apex touches th e  p l a t e .  This i s  achieved  
by a d ju s t in g  the  micrometer u n t i l  th e  cone and p l a t e  touch , which i s  
in d ic a te d  by e l e c t r i c a l  c o n ta c t .  The micrometer s e t t i n g  i s  ta k en ,  
and subsequently  the  bottom p la te n  can be a d ju s ted  to  g ive  th e  
re q u ire d  se p a ra t io n  when a sample i s  p laced  between th e  p la t e n s .
In p r a c t i c e ,  w ith a sample between th e  gap, the  m icrometer 
tended to  s l i p  in  i t s  housing . The f i n a l  adjustm ent was th e r e f o r e  
made by s e t t i n g  the  gap a t  the  p e r ip h e ry  to  th e  c o r r e c t  amount u s in g  
a c a th e to m e te r . The gap can be s e t  to  w ith in  1% o f  th e  r e q u ire d  v a lu e .
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Surface Cam
Capacity Probe 
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FIGURE 5 .3  Schematic diagram of measuring system
5.5 Measurement of Rotation
The r o t a t i o n  of th e  cone i s  measured by a cap ac itan ce  
te chn ique . The p u l le y  assembly (1) i s  p r o f i l e d  n ear  the  
c ircum ference  on the  top su r fa ce  in  a s e r i e s  of saw t e e t h .  A probe 
(18) i s  brought in  c lo se  p rox im ity  with t h i s  p r o f i l e d  face  and th e  
cap ac itance  between t h i s  face  and th e  probe i s  measured on a 
cap ac itan ce  b r id g e .  As the  cone r o t a t e s  the  d is ta n c e  between th e  
probe and p r o f i l e d  f a c e . a l t e r s  and the  r e s u l t i n g  change in  c a p a c i ty  
can be recorded  by some s u i t a b l e  method. The t e s t  fa ce  on (1) i s  
p r o f i l e d  in  7 s e c t io n ;  4 o f 22 .5° , 2 o f  90° and 1 o f  180°. The 
d is ta n c e  between the  probe and p r o f i l e d  face  over each s e c t io n  i s  
p ro p o r t io n a l  to  th e  angle  o f  r o t a t i o n  and the  t o t a l  change in  each 
s e c t io n  i s  0.0254 cm. Another probe (19) i s  p o s i t io n e d  c lo se  to  
the  bottom su rfa ce  to  compensate f o r  any a x ia l  movement. A schem atic  
p lan  o f  th e  arrangement o f  probes and su rfa ce  cam i s  shown in  
f ig u r e  5 .3 .
The probes a re  s tan d a rd  equipment manufactured by Wayne 
Kerr Ltd. (Type MCI). The sensing  a re a  c o n s is t s  o f  an in n e r  e le c t ro d e  
(0.36 cm diam eter) and a guard r in g  which a re  sep a ra ted  by an 
in s u la t in g  s le e v e .  The sensor i s  f l a t  and i t s  o v e ra l l  d iam eter  
i s  0.51 cm. The probes a re  used w ith  a tra n sd u ce r  b r id g e  (Type TE 2000 
Wayne Kerr Ltd-.) an d :th e  d is ta n c e  between th e  senso r  and a f l a t  
p a r a l l e l  su r fa ce  i s  measured d i r e c t l y  on a l i n e a r  s c a le .  In th e  
p re s e n t  case the  t e s t  su r fa ce  i s  no t p a r a l l e l  to  the  probe bu t s in c e  
the  probes are  c a l ib r a t e d  d i r e c t l y  a g a in s t  angu lar  movement t h i s  does 
no t m a t te r .
The tra n s d u ce r  b r idge  can g ive  continuous read ings  o f  th e  
sum o r  d i f f e r e n c e  o f  th e  d is ta n ce s  measured by two s e p a ra te  p ro b es .
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Thus to  compensate f o r  any a x ia l  movement we can add the  d is ta n c e s  
measured by probes (18) and (19) and in  e f f e c t  measure th e  change in  
th ick n ess  o f  the  face  cam as the  s h a f t  r o t a t e s .
The ou tpu t from the  t ra n sd u ce r  b r id g e  i s  passed through a 
r e s i s t a n c e  network and i s  d isp layed  on an u l t r a - v i o l e t  re c o rd e r  (
CSEL Type 2005). The c i r c u i t  between the  b r id g e  and re c o rd e r  i s  
shown in  f ig u r e  5 .4 .  The zero i s  s e t  on th e  re c o rd e r  by a d ju s t in g  
r j .  The re q u ire d  s e n s i t i v i t y  i s  ob ta ined  by- X 2 > and r 3 i s  the  
galvanometer damping r e s i s t a n c e .  Th.e zero i s  ad ju s ted  so t h a t  th e  
working range i s  near th e  c e n tre  of any p r o f i l e d  s e c t io n .
5 .6  C a l ib ra t io n  o f Probe
The measuring system i s  c a l i b r a t e d  by an o p t i c a l  l e v e r .
A small m ir ro r  a t ta ch e d  to  the  r o t a t i n g  s h a f t  r e f l e c t s  th e  l i g h t  
from a galvanometer lamp onto a s c a le  one m eter from th e  ax is  of 
r o t a t i o n .  *
Typical c a l i b r a t i o n  curves ob ta ined  on the  most s e n s i t i v e  
ranges used a re  shown in  f ig u r e  5.5 f o r  one o f  th e  22.5° s e c t io n s .
The l i n e a r i t y  i s  good and we can d is c r im in a te  on the  most s e n s i t i v e  
range to  b e t t e r  than  ±2.5 x 10_1+ ra d ,  which f o r  a cone g iv in g  a 3 .93° 
gap angle i s  e q u iv a len t  to  ±3.64 * 10-3 s t r a i n  u n i t s .  The c a l i b r a t i o n  
curves were l i n e a r  f o r  a l l  ranges t e s t e d  up to  a f u l l  s c a le  d e f l e c t i o n  
o f  0.25 ra d ,  which was the  l e a s t  s e n s i t i v e  range used .
5 .7  Experimental Procedure
Two bulk p o ly iso b u ty le n e s ,  V istanex LM-MH and V is tanex  LM-MS, 
were used in  t h i s  in v e s t ig a t i o n .  The p r o p e r t ie s  o f  th e se  m a te r i a l s  
have been s tu d ie d  in  some d e t a i l  e a r l i e r  in  the  rheogoniometer 
(chap ters  3 and 4 ) .  The method o f sample p re p a ra t io n  and th e  
procedure f o r  in s e r t in g  th e  m a te r ia l  between th e  p la te n s  was th e  same
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TABLE 5.1
Cone dimensions
Cone ra d iu s  RGap angle 0( 
(dog) (cm)
3.93
Time (sec)
FIGURE 5.6 V istanex LM-MS, 29-25 ° C — Typi c a l  r e  covery 
t r a c e ;  P2 1 C0) = 3*75 x 10^ dyn cm R=2*5
as d e sc r ib ed  in  the  e a r l i e r  experiments and, as b e fo re  th e  t e s t  
tem perature  was 29.25 ± 0.25°C. The d a ta  re p o r te d  here  were ob ta ined  
w ith  th re e  cones, whose dimensions a re  given in  t a b le  5 .1 .
The probe was c a l i b r a t e d  b e fo re  and a f t e r  a s e r i e s  of 
measurements to  check t h a t  th e re  was no d r i f t  in  the  e l e c t r o n i c s .
The s lope  o f  th e  c a l i b r a t i o n  curves a l t e r e d  by le s s  than  1% in  a l l  
cases..  For s teady  s t a t e  measurements the  va lue  o f  r 2  ( f ig u re  5 .4 )  
was chosen so t h a t  th e  f u l l - s c a l e  d e f le c t io n  on th e  re c o rd e r  was 
^ 0 . 2 5  ra d .  Two s e n s i t i v i t i e s  were used f o r  recovery  measurements, 
g iv ing  f u l l - s c a l e  d e f le c t io n s  of about 0.02 and 0.04 ra d .
The s t r e s s  was ap p lied  manually by hanging a weight on the  
end o f  a cord wound round th e  p u l le y  assembly and then  over an e x te rn a l  
p u l le y .  The shear  r a t e  in  i'steady s t a t e  measurements was determ ined 
from the  s lope  o f  the  angu lar  d isp lacem ent - time graph d isp lay ed  on 
th e  re c o rd e r .  To measure recovery  th e  weight was removed a f t e r  a 
g iven amount o f  s t r a i n ,  and the  amount o f  recovery  determ ined from the  
re c o rd e r  t r a c e .  A ty p ic a l  t r a c e  i s  shown in  f ig u r e  5 .6 ,  which a lso  
in d ic a te s  th e  reco v e rab le  s t r a i n  y^. This method of removing th e  s t r e s s  
seemed to  be s a t i s f a c t o r y  and th e  r e s u l t s  were independent o f  th e  
o p e ra to r .  -
5 .8  Experim ental E rro rs
The main sources  o f  e r r o r  which can a r i s e  in  c o n e -p la te  
v iscom etry  have been d iscussed  in  ch ap te r  3. Since th e  p re s e n t  
appara tus  was ad ju s ted  to  th e  same accuracy as the  rheogoniom eter i t  
i s  u n l ik e ly  t h a t  alignment e r ro r s  e t c .  w i l l  a f f e c t  r e s u l t s . However, 
th e re  a re  two o th e r  p o s s ib le  sources o f  e r r o r  which can e f f e c t  
recovery  r e s u l t s :
( i )  I n e r t i a  o f  th e  appara tus  
( i i )  F r i c t io n  in  the  b ear ings
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(i) Effect of inertia
We have a lread y  seen th a t  i n e r t i a l  e f f e c t s  in  th e  f l u i d  
a re  n o t s i g n i f i c a n t .  However when the  s t r e s s  i s  removed th e re  w i l l  
be a tendency f o r  th e  p la te n  to  con tinue  r o t a t i n g  due to  th e  i n e r t i a  
o f  th e  a p p a ra tu s ,  e .g .  in  th e  s p in d le ,  p u l le y  assembly, cone e t c .
We can c a lc u la te  t h i s  overshoot f o r  a Newtonian f l u i d  which should 
g ive  some in d ic a t io n  o f  the  e f f e c t  o f  i n e r t i a  in  the  recovery  
measurements.
When th e  s t r e s s  i s  removed, we o b ta in  f o r  a Newtonian f l u i d
Mi  = -M 5.5
d t
where i s  the  moment o f  i n e r t i a  o f  the  system, M i s  th e  to rq u e  in  
the  f l u i d  and w1 i s  the  angu lar  v e lo c i ty  o f  th e  r o t a t i n g  p la te n  a t  
time t .  M can be c a lc u la te d  from th e  v i s c o s i ty  o f  th e  f l u i d .
M = 2 TrR3 na)1___________________________________________________________ b . o
30o
I f  th e  s t r e s s  i s  removed a t  t=0 , then  s u b s t i t u t i n g  5.5  in  5 .6  and 
in te g r a t in g  w ith boundary co n d it io n s  is)1 = Q a t  t=0 , we o b ta in
to1 = ft exp C-Et/Mi) 5 .7
where
E = 2irR3n 5 . 8
360
and ft i s  the  angu lar  v e lo c i ty  o f  th e  r o t a t i n g  p la te n  during  th e  
p rev ious  s teady  shear  flow . In te g ra t in g  5 .7  we f i n a l l y  o b ta in
<Kt) -  4>(o) = ftMi • £ l -  exp (-E t/M i)J  5 .9
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FIGURE 5.7 Typical t r a c e  with high v i s c o s i ty  
Newtonian f l u i d  (P ara lac  385 57°C)
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FIGURE 5 .8
Thus “  <K°)] i s  the  amount o f  overshoot a t  time t
when the  s t r e s s  i s  removed. The va lue  o f  E/Mj, was between 103 and 
106 s e c -1 in  the  p re s e n t  experiments and the  amount of overshoot 
c a lc u la te d  from 5 .9  as t  —> 00 was <4><10“ 5 ra d .  Thus i n e r t i a  e f f e c t s  
a re  u n l ik e ly  to  be s i g n i f i c a n t  and can be n eg lec te d .  This was 
confirmed by an experiment w ith  a h igh v i s c o s i t y  Newtonian f l u i d  
(P ara lac  385). The v i s c o s i t y  o f  t h i s  f l u i d  was 2 .1 x l0 5 p o ise  a t  
57°C which i s  o f  th e  same o rder as the  v i s c o s i t y  o f  th e  p o ly is o b u ty ­
lenes  and the  ap p lied  s t r e s s  was 7.50x10^ dyn cm- 2 . We can see  from 
f ig u r e  5 .7  t h a t  th e re  was no m easurable overshoot when the  s t r e s s  . 
was removed.
( i i )  F r i c t io n  in  the  bear ings
This was e s tim ated  by determ ining  the  to rque  which must be 
ap p lied  to  r o t a t e  th e  cone when no sample was p re s e n t .  The to rq u e  
was approxim ately  2 .5 x l0 3 dyn cm and was independent o f  th e  a x ia l  
t h r u s t s ,  which were ap p lied  by dead loads to  r e p re se n t  th e  e f f e c t  
o f  normal s t r e s s e s .  Since the  lowest to rque ap p lied  in  th e  p re s e n t  
experiments .was 1 .2 5 x l0 5 dyn cm f r i c t i o n  in  the  b ea r in g s  i s  u n l ik e ly  
to  a f f e c t  th e  s tead y  s t a t e  r e s u l t s .
I t  i s  d i f f i c u l t  to  a ssess  the  e f f e c t  o f  f r i c t i o n  in  th e  
bear in g s  on recovery  measurements. However, i f  recovery  d a ta  a re  
independent o f  th e  cone dimensions i t  seems reasonab le  to  assume 
t h a t  any e r ro r s  caused by f r i c t i o n  in  the  b ea r in g s  a re  n e g l i g i b l e .  
Experiments have been c a r r ie d  out w ith  V istanex  LM-MS a t  29.25°C 
us ing  th e  cones in  t a b le  5 .1 .  We see from f ig u r e  5 .8  t h a t  the  
recovery  r e s u l t s  were independent o f  cone angle  and cone r a d iu s ,  
which sugges ts  t h a t  e r r o r s  due to  f r i c t i o n  in  th e  b ea r in g s  can be 
n e g lec te d .  A ll th e  subsequent d a ta  re p o r te d  in  t h i s  c h ap te r  were 
ob ta ined  us ing  the  2.5 cm ra d iu s  cone g iv ing  a gap angle  o f  3 .9 3 ° .
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5.9  Experimental R esu lts
The s teady  s t a t e ’shear r a t e s  were measured in  one s e r i e s  
o f experiments on each m a te r ia l  to  ensure t h a t  the  r e s u l t s  were 
c o n s is te n t  w ith th e  rheogoniometer. The sample was sheared  f o r  10 
u n i t s  of s t r a i n  b e fo re  th e  angu lar  displacem ent was recorded  as a 
fu n c t io n  o f  t im e . A l in e a r  p lo t  was ob ta ined  and th e  shear  r a t e  G 
was c a lc u la te d  from th e  s lo p e .  Data were ob ta ined  over a range o f  
a p p lied  s t r e s s  P2i(0)> from 1.50x10**. to  7.50x10** dyn cm-2 f o r  
V istanex LM-MS and 3.00x10** to  1.05x105 dyn cm”2 f o r  V is tanex  LM-MH.
The r e s u l t s  f o r  th e  two m a te r ia l s  a re  shown in  f ig u r e s  5 .9  and 5.10 
compared w ith th e  rheogoniometer d a ta .  Each p o in t  r e p re s e n ts  th e  
average of the  va lues  ob ta ined  in  each sense of r o t a t i o n .  The 
agreement between th e  two rheometers i s  good f o r  both  m a t e r i a l s .
We have assumed in  5.1 t h a t  b e fo re  th e  s t r e s s  i s  removed,
i . e .  f o r  t< 0 , th e  flow i s  s teady  shear  and has been m ain ta ined  f o r
an i n f i n i t e  tim e. Thus the  measured va lu es  o f  y should be00
independent o f  the  p rev ious shear h i s to r y .  This can be checked by 
measuring the  recovery  as a fu n c t io n  of th e  ap p lied  s t r a i n  a t  
co n s tan t  P2 1  (0 ) . The a p p lied  s t r a i n  was v a r ie d  from 5 to  45 w ith  
V is tanex  LM-MS a t  th re e  d i f f e r e n t  s t r e s s  l e v e l s .  The r e s u l t s  a re  shown 
in  f ig u r e  5.11 and we see  t h a t  y^ i s  independent of th e  a p p l ie d  
s t r a i n .  A ll  subsequent d a ta  re p o r te d  were ob ta ined  a t  an a p p l ie d  
s t r a i n  o f  10 and we can assume t h a t  equation  5.1 i s  v a l i d .
The shear  recovery  of the  p o ly iso b u ty len es  was measured 
over th e  same range o f sh ea r  s t r e s s e s  as the  s teady  s t a t e  measurements 
shown in  f ig u re s  5 .9  and 5 .10 . At any p a r t i c u l a r  sh ea r  s t r e s s  y^ 
was c a lc u la te d  from the  mean of the  va lu es  ob ta ined  in  each sense  o f  
r o t a t i o n .  Three independent samples were s tu d ie d  f o r  each m a te r i a l  
over th e  complete range o f  shear s t r e s s e s .
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| FIGURE 5.14 Po ly isobu ty lene  m e lts ,  29*25°C — Shear recovery ; 
I as a fu n c t io n  o f  cri/p2 i 1
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The r e s u l t s  f o r  th e  m a te r ia l s  a re  shown in  f ig u r e s  5.12 
and 5 .13. The reco v erab le  s t r a i n  in c re a se s  and the  g ra d ie n t  
[3Y00/ 3P21(°)] decreases  as the  ap p lied  s t r e s s  in c re a s e s .  These 
r e s u l t s  a re  c o n s is te n t  w ith  o th e r  pub lished  d a ta  on polymer m elts  
(Best § Rosen 1968, Benbow § Howells 1961).
According to  the  th e o r ie s  of Weissenberg (1947) and Lodge 
(1964) yto i s  r e l a t e d  to  the  s teady  sh ea r  flow p ro p e r t ie s  o f  th e  
f l u i d  as fo llow s:
Weissenberg Yw = ^ l / V z i  5.10
Lodge Yro = cf1/2 p 2l 5.11
These . th e o r ie s  d i f f e r  by a f a c to r  of two and t h i s  has been 
an is su e  o f  some con troversy  (see Bogue § Doughty 1966). Benbow § 
Howells' (1961) d a ta  on some po lyd im ethy ls iloxanes  a re  in  reaso n ab le  
agreement w ith equation  5.11 bu t f o r  a la rg e  number of polymer s o lu t io n s  
P h i l ip p o f f  (1962) re p o r te d  th a t  equation  5.10 was more a p p ro p r ia te .  . 
Using th e  d a ta  from chap te r  3 we are  ab le  to  compare the  p r e d ic t io n s  
of th e se  th e o r ie s  w ith  the  experim ental r e s u l t s .  The p r e d ic t io n s  
a re  a lso  shown in  f ig u r e s  5.12 and 5.13 and we see t h a t  n e i t h e r  th eo ry  
i s  a p p ro p r ia te ,  bu t th e  experim ental d a ta  a re  c lo s e r  to  Lodge's th e o ry .
i
We have p lo t t e d  yto ve rsus  a i / p 2 i f o r  both  m a te r ia l s  in
f ig u r e  5 .14 . The recovery  va lues  a re  th e  mean a t  t h a t  p a r t i c u l a r  shear
r a t e  and th e  (0 1 /P 2 1 ) v a lues  were in te r p o la te d  from th e  .s teady  s t a t e
d a ta .  We see t h a t  th e re  i s  some evidence t h a t  y i s  a l i n e a r  fu n c t io n
1 00
of ( a i / p 2 i )  which i s  th e  same f o r  both  m a te r i a l s .  The l in e  in  f ig u r e  
5.14 i s  re p re se n te d  approxim ately by
Ym = 0-.6 C1 /P 2 1  5.12
This i s  c lo se  to  the  r e l a t i o n s h ip  re p o r te d  by Khanna § P o l l e t t  (1965) 
f o r  some p o ly v in y lc h lo r id e  compounds.
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The complete recovery  curve was a lso  ob ta ined  fo r  V istanex  
LM-MS a t  th re e  va lues  of P2 1 CO). These a re  shown in  f ig u r e  5.15 where 
each p o in t  i s  the  average o f  the  s t r a i n  y ( t )  in  both  senses  o f  
r o t a t i o n .  I n i t i a l l y  the  recovery  i s  ra p id  bu t slows down and i s  
complete in  about 60 seconds. These r e s u l t s  a re  very  s im i la r  to  
those  pub lished  by Rosen § Rodriguez (1965). The recovery  curves 
were norm alised and we see from f ig u r e  5.16 t h a t  the  p lo t  o f  
y .( t) /y  a g a in s t  t  i s  independent o f  the  s teady  shear s t r e s s  P2 1  (0) •
5.10 D iscussion
We have seen t h a t  r e l i a b l e  d a ta  can be ob ta ined  on th e  
appara tus  d esc r ibed  e a r l i e r  and have re p o r te d  d a ta  o b ta ined  on two 
polymer m e lts .  The r e s u l t s  a re  c o n s is te n t  w ith  the  pu b lish ed  d a ta  
on o th e r  polymer m elts  bu t a re  no t c o n s is te n t  w ith  P h i l i p p o f f ' s  
measurements on polymer s o lu t io n s .  This may in d ic a te  t h a t  th e  flow 
mechanisms o f polymer m elts  and co n cen tra ted  polymer s o lu t io n s  a re  
d i f f e r e n t .  There i s  s tro n g  evidence t h a t  the  recovery  i s  a fu n c t io n  
o f  th e  s t r e s s e s  in  s tead y  shear  flow.
The expected recovery  f o r  a number o f  th e o r ie s  has been 
c a lc u la te d .  The r e s u l t s  desc ribed  above w i l l  be ev a lua ted  in  terms 
of. th e se  th e o r ie s  l a t e r ,  in  chap te r  7.
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Chapter 6
DIE SWELL OF ELASTIC AND VISCOUS FLUIDS
6.1 In tro d u c t io n  "
Although d ie  sw ell in  polymer m elts  has been thought to  
be a s so c ia te d  w ith  normal s t r e s s e s  (Lodge 1964, Metzner e t  a l  1960),
no measurements o f  th e se  phenomena have been re p o r te d  a t  th e  same
sh ea r  r a t e s .  Die sw ell d a ta  have a l l  been ob ta ined  a t  ty p ic a l  
e x tru s io n  shear r a t e s  (>10sec _1) ,  bu t we have seen th a t  r e l i a b l e  
normal s t r e s s  d a ta  cannot be obta ined  much above 1 sec  - i . C le a r ly  
measurements of d ie  sw ell a t  much lower shear r a t e s  a re  needed.
Die sw ell has a lso  been observed in  Newtonian f l u i d s  under 
c e r t a in  co n d itio n s  ( M i d d l e m a n  § Gavis 1961a). However th e se  
o b serva tions  were made on low v i s c o s i t y  f l u i d s  (<10 p o ise )  a t  
Reynolds numbers >2. The Reynolds number a p p ro p r ia te  to  polymer 
m elt p rocess ing  i s  <<1 and a comparison w ith  th ese  p rev ious r e s u l t s  
i s  i r r e l e v a n t .  I t  i s  n ecessa ry  to  determine the  d ie  sw ell
p ro p e r t i e s  o f  a polymer m elt and a Newtonian f l u i d  o f  s im i la r
v i s c o s i t y  under the  same flow c o n d i t io n s .
In t h i s  chap te r  the  r e s u l t s  of d ie  sw ell measurements 
c a r r ie d  out in  c a p i l l a r y  flow on a polymer m elt and a Newtonian f l u i d  
o f  s im i la r  v i s c o s i ty  a re  re p o r te d .  The measurements were made a t  
shear r a t e s  below 1 s e c " 1 .
6 .2  ' Theory o f  the  C ap i l la ry  Rheometer
In t h i s  type of rheometer the  f l u i d  i s  fo rced  through a 
c i r c u l a r  c a p i l l a r y  of ra d iu s  R and leng th  L. The fo rce  can be 
app lied  by a p is to n  or gas p re s su re .
We w i l l  assume a c y l in d r i c a l  co -o rd in a te  system , z, r ,  9, 
where z i s  the  a x ia l  c o -o rd in a te ,  r  i s  the  r a d i a l  c o -o rd in a te  and 6
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FIGURE 6*1 C a p i l la ry  flow geometry — C y l in d r ic a l  p o la r
! ' '
I c o -o rd in a te  system.
i s  o rthogonal to  z and r  ( f ig u re  6 .1 ) .  z, r  and 0 a re  eq u iv a len t  
to  £ 1 , £ 2  and € 3  r e s p e c t iv e ly .  The c a p i l l a r y  ax is  i s  defined  by
r  = 0 and the  wall by r  = R; z = 0 a t  the  c a p i l l a r y  en trance  and
z = L a t  the  e x i t .
We w i l l  assume th a t  th e  v e lo c i ty  components are  
v z = v z (r)  ; vr  = v 0 = 0 6.1
and th e re  i s  no s l i p  a t  the  w a l l ,  i . e .
v z (R) = 0 6 .2
Equation 6.1 s a t i s f i e s  the  co n d itio n s  t h a t  the  flow i s  s teady  
sh ea r .  Lodge (1964) has shown th a t  the  above assumptions are  
compatible w ith  the  equations  o f  motion provided th a t  
dP22„
  = co n s tan t  6 .3
dz
Equation 6.3 can be checked in  p r in c ip l e  from measurements of 
P2 2 (R) a t  v a r io u s  z. In p r a c t i c e  t h i s  i s  never done.
Using 6.1 to  6 .3  we can show from the  r a t e  of s t r a i n  
te n so r  and the  equations  of motion (Middleman 1968) t h a t
G = — dv7 . ■ ,  „ z_  6 .4
dr
and
P21  (r ) = -  dp 2 2  r  6 S
dz 2
Thus P21  v a r ie s  l i n e a r l y  w ith r  and i s  a maximum a t  the  wall 
given by
P2 1  (R) = — dp2 2  R 6 6
dz 2
The volume r a t e  of flow Q i s
Since the  flow i s  s teady  s t a t e ,  p 2a. i s  a fu n c t io n  o f  G only and 
we can w r i te
\  G = f  (P21.) 6 . 8
Thus from 6 .4  to  6 .8  we o b ta in  a f t e r  i n t e g r a t io n  and changing the
v a r ia b le  to  p 2i .
P21(R)
CQ/ttr 3 ) = P2 1 CR) 3 J  P2 1 2  f ( P 2 l)  dp21  6 . 9
0
Thus (Q/ttR3) i s  a unique fu n c t io n  of p 2i (R) . D i f f e r e n t i a t in g  
6 .9  we o b ta in  '
G(R) = (3n . . .  , x 4 '1 + i)  /  Q A
n 1 \  ttR3 J
where
din  P2 1 (R)
n 1 =    6.11
. d in  ( Q / r r R 3 )
Equation 6.10 was derived  o r ig i n a l ly  by Rabinowitsch (1929).
Thus from measurements of p 22(R) a t  v a r io u s  z and the  
volume r a t e  of flow Q, we can o b ta in  p 2i as a fu n c t io n  o f  G. In 
p r a c t i c e  the  t o t a l  p re s su re  drop across  th e  c a p i l l a r y  (AP) i s  
measured and p 2i(R) c a lc u la te d  from
P2 1 (R) = APR/2L 6.12
E rro rs  in  using  6.12 to  c a lc u la te  p 21CRD w i l l  be d iscussed  l a t e r .  
We w i l l  d e f in e  the  d ie  sw ell y as fo llow s/vco
x„ = Rj /  R 6 . 13
where R j  i s  the  f i n a l  cons tan t rad iu s  of the  e x tru d a te .
6.3 D esc rip tio n  of th e  Apparatus
The v iscom eter  i s  based on a design  by Atkinson §
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FIGURE 6.2 C a p i l la ry  rheometer
( \fJA
\
Scale diagram of c a p i l l a r y  rheometer
, 6 ' 4
Nancarrow (1949) and i s  in tended  fo r  use with the  Hounsfield  
Tensometer (Tensometer L td.)* A genera l view o f the  appara tus  
and a s c a le  diagram of th e  v iscom eter a re  g iven in  f ig u r e s  6.2 
and 6 .3 .  The tensom eter which i s  u s u a l ly  used h o r i z o n ta l ly ,  was 
mounted v e r t i c a l l y  to  s im p lify  th e  measurements of d ie  sw e l l .
The p is to n  (1) fo rce s  th e  f l u i d  under t e s t  (3 ) ,  which 
i s  con tained  in  the  b a r r e l  (2 ) ,  through a c a p i l l a r y  (4 ) .  The 
tensom eter can only apply a t e n s i l e  fo rce  and t h i s  i s  converted  to  
a compression by the  arrangement shown in  f ig u r e  6 .4 .  The b a r r e l  
i s  mounted on the  lower p l a t e  (5 f ig u r e  6 .4) and the  p i s to n  under 
the  upper p l a t e  (6 ) .  The cross  member (7) i s  connected to  the  
load measuring system and (8) i s  a t ta ch e d  to  th e  cross  head and 
hence the  d r iv e .
The b a r r e l  c o n s i s t s  o f  two b ra ss  s e c t io n s  s i l v e r  so ld e red  
to g e th e r .  Each s e c t io n  i s  hollowed out so t h a t  a s u i t a b l e  f l u i d  
can be pumped through the  b a r r e l  from a the rm os ta t  b a th .
The c a p i l l a r i e s  a re  s t a i n l e s s  s t e e l  tub ing  CAccles §
Pollock  L td .)  in s e r te d  in  a b ra ss  s leev e  to  give r i g i d i t y .  They 
a re  a t ta ch e d  to  the  v iscom eter  and h e ld  in  p lace  by th e  screwed 
c o l l a r  (9 f ig u r e  6 .3) and a re  ja ck e ted  to  p rov ide  a means of 
tem perature  c o n t ro l .  The tubes p ro tru d e  about 0 .2  cm from th e  e x i t  
to  make the  o b se rva tions  of the  e x tru d a te  e a s i e r .
The p is to n  i s  d r iven  a t  a p re s e le c te d  speed by a co n s ta n t  
speed motor v ia  a system of p u l le y s .  The speed can be v a r ie d  in  
f iv e  equal log a ri th m ic  s tep s  from about 0.0025 cm/min to  0.08 cm/ 
min; th e se  low p is to n  speeds a re  necessa ry  to  achieve the  r e q u ire d  
low' shear r a t e s .  The. o p e ra ting  screw which d r iv e s  the  cross  head was 
badly worn in  p a r t s  and in  p r a c t i c e  s l i g h t  v a r i a t io n s  in  speeds
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occurred . However the  speed did remain co n s tan t long enough to  
make measurements. The screw was rep laced  f o r  l a t e r  experiments 
and gave constan t and re p ro d u c ib le  speeds a t  each s e t t i n g .
The load on th e  p i s to n  was measured by a p roo f  r in g  
t ra n sd u ce r  (10 f ig u r e  6 .2 ) .  This i s  a m o d if ica t io n  to  the  system 
supp lied  with the  tensom eter . The p is to n  speed was determ ined by 
a d isp lacem ent t ra n sd u ce r  (11) mounted on the  compression 
arrangem ent. Both t ra n sd u ce rs  and t h e i r  a s so c ia te d  b r id g es  were 
su p p lied  by BPA E le c t ro n ic s  L t d . . The output from each b r id g e  was 
d isp layed  s im ultaneously  on an u l t r a v i o l e t  re c o rd e r  (SE L ab o ra to r ie s  
L td .)  and the  p i s to n  speed determined from the  d isp lacem ent-tim e 
t r a c e .
The p roof r in g  which was c a l i b r a t e d  by dead w e ig h ts , covered 
a range of p is to n  loads from 1 to  250 lb .  The displacem ent 
tra n sd u c e r  was c a l ib r a t e d  a g a in s t  a micrometer in  a s p e c ia l  j i g .
T o ta l p is to n  movements o f  up to  0.5 cm could be d e te c te d  w ithou t 
r e p o s i t io n in g  th e  t ra n s d u c e r .
The. sample tem perature  was c o n t ro l le d  by pumping w ater  or 
p a r a f f i n  o i l  through the  b a r r e l  and c a p i l l a r y  ja c k e t  from a thermo­
s t a t i c  tank . Water was used a t  ambient tem peratures  and p a r a f f i n  
above 50°C. The tank was c o n t ro l le d  by a Tempette u n i t  (Tecam L td .)  
The tem peratu re  was determined from thermocouples embedded in  th e  
b a r r e l  and in  the  c a p i l l a r y  c lo se  to  th e  e x i t .  The v a r i a t i o n  during  
a run was about ±0.5°C a t  23.5°C, a t  h ig h e r  tem pera tu res  the  
v a r i a t i o n  was much la r g e r ;  ±1.5°C a t  60°C.
To minimise f r i c t i o n  between the  p i s to n  and b a r r e l  w all 
th e  former was r e l i e v e d  along most o f  i t s  le n g th .  In a d d i t io n  th e  
in t e r n a l  d iam eter of th e  b a r r e l  (1.275 cm) was m arg in a lly  g r e a t e r  
than the  maximum p is to n  d iam eter o f  1.270 cm. Thus th e re  was some
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TABLE 6.1
\  Ca-piHary dimensions
C ap i l la ry Diameter (cm) Length/Diameter
A1 0.252 ± 0 .0 0 2 77.4
• A2 0.252 ± 0.002 58.1
B1 0.195 ± 0.002 76.1
Cl 0.134 ± 0.004 75.8
G (s e c -1)
FIGURE 6.5  Steady sh ea r  flow d a ta  ob ta ined  
on rheogoniometer
P2 1  P a ra lac  385, 60°C 
p21 P a ra lac  385, 65°C 
P 2 1  L o r iva l R25, 23*5°C
-  a i  L orival R25, 23»5°C
leakage flow p a s t  the  p is to n ;  e r ro r s  due to  t h i s  a re  d iscu ssed  
l a t e r .  The p is to n  i s  a sloppy f i t  in  (6) ( f ig u re  6 .4) so t h a t  in  
o p e ra t io n  i t  i s  s e l f  a l ig n in g .
The dimensions of the  c a p i l l a r i e s  used in  the  p re s e n t  , 
i n v e s t ig a t i o n  a re  g iven in  t a b le  6 .1 .  The diam eters  were 
determined from th e  mean of two measurements made a t  each end of 
the  c a p i l l a r y  w ith  a microscope.
6 .4  Experim ental Procedure
The two m a te r ia l s  s tu d ie d  were a modified alkyd r e s in  
(P ara lac  385) and a depolymerised n a tu ra l  rubber (L oriva l R25).
We have seen in  p rev ious chap te rs  t h a t  L orival R25 d isp la y s  la rg e  
normal s t r e s s e s  whereas P a ra lac  385 does n o t ;  i t  i s  a Newtonian f l u i d .  
The experim ental co n d itio n s  were chosen so t h a t  the  m a te r ia l s  had 
s im i la r  v i s c o s i t i e s  (^105 p o is e ) .  The s teady  shear  flow d a ta  
ob ta ined  on th e  rheogoniometer a re  shown in  f ig u r e  6.5
The b a r r e l  was f i l l e d  w ith m a te r ia l  and l e f t  f o r  s e v e ra l  
hours a t  the  t e s t  tem perature  to  allow entrapped  a i r  to -e scap e  
b e fo re  th e  d r iv e  was a p p l ie d .  A small q u a n t i ty  of pigment was
I
in co rp o ra ted  in to  the  P a ra la c  385 to  make th e  e x tru d a te  v i s i b l e .
This had no e f f e c t  on the  flow p r o p e r t i e s  o f  th e  m a te r ia l .
To e l im in a te  the  e f f e c t  of g ra v i ty  th e  m elts  were ex truded  
in to  an o p t i c a l  c e l l  con ta in ing  a l iq u id  of the  same d e n s i ty  as th e  
m a te r ia l  under t e s t .  A m ixture  of methanol and w ater was used f o r  the  
L orival R25 experiments and g ly c e ro l  f o r  th e  P a ra lac  385 experim ents .
The e f f e c t  of v i s c o s i ty  was s tu d ie d  with P a ra la c  385 by 
ca r ry in g  out experiments a t  60°C and 65°C, which a l t e r e d  the  
v i s c o s i t y  by a f a c to r  o f  th r e e .  The e x tru d a te  was m ain ta ined  a t  
th e se  tem peratures  by r a d ia t io n  from a ' 100 w att bu lb .  This crude
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arrangement was adequate f o r  th e se  experiments as the  o v e ra l l  
c o n tro l  of tem perature  was only ±1.5°C. I t  i s  not p o s s ib le  to  
improve the  tem perature  c o n tro l  a t  e lev a ted  tem peratures  w ith  the  
p re s e n t  ap p a ra tu s .  The t e s t  tem perature  in  the  L orival R25 
experiments was 23.5 ± 0.5°C.
When the  load and p is to n  speed reached s teady  v a lues  
the  d iam eter o f  the  e x tru d a te  was measured w ith a t r a v e l l i n g  
microscope a t  v a r io u s  d is ta n c e s  from the  tube e x i t  up to  2 cm.
In any p a r t i c u l a r  run fou r  measurements were made a t  each p o in t  
and th e  average va lue  of the  ex tru d a te  d iam eter a t  t h a t  p o in t  
c a lc u la te d .  Measurements were made over a range o f p i s to n  speeds 
u s ing  th re e  d i f f e r e n t  ra d iu s  c a p i l l a r i e s ;  0 .1 2 6 ,0 .0 9 7 5  and 0.067 cm 
( ta b le  6 .1 ) .
6 .5  Experimental E rrors
There a re  two main sources of e r r o r  which can a r i s e  in  
c a p i l l a r y  flow measurements 
( i )  End e f f e c t s
( i i )  Shear h ea tin g  e f f e c t s
( i )  End e f f e c t s
I d e a l ly  P2 1  (R) should be c a lc u la te d  from equation  6 .5 ,  
bu t measurements o f  P22(R) a re  d i f f i c u l t  to  make. U sually  the  
t o t a l  p re s su re  drop i s  measured and P2 1 (R) c a lc u la te d  from equation  
6 .12 . However th e re  a re  a number of sources o f energy lo ss  and AP 
must be co rre c ted  to  take  th e se  in to  account. They a r i s e  from k i n e t i c  
energy in  the  i s su in g  stream , leakage flow p a s t  the  p i s to n ,  and 
v iscous  and e l a s t i c  behaviour when the  f l u i d  converges or d iv e rg es  
a t  the  ends of the  c a p i l l a r y .
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Table 6.2
E ffe c t  of L/R on d ie  sw ell o f  L orival R25
C ap i l la ry L/R 4Q/ttR3 Extruder diam* (cm.)
A1 134.8 0.131 0.302
A1 134.8 0.0677. 0.298
A2 116.2 0.126 0.304
A2 116.2 0.0642 0.294
|
* Average va lue  f o r  d is ta n c e s  >0.4 cm from c a p i l l a r y  e x i t
End e f f e c t s  can be accounted f o r  by inc lud ing  an e f f e c t iv e  
leng th  C R in  equation  6 .12 , where £ i s  the  end c o r re c t io n  which 
depends on the  shear r a t e .  p 2i(R) i s  then given by
p21 (R) = AP R /  2 (L + U )  6.14
Bagley (1957) and Metzner e t  a l  (1960) have app lied  equation  6.14 
s u c c e s s fu l ly  to  polymer m elts  to  c a lc u la te  va lues  of p 2i(R) which 
were found to  be independent o f  geometry. p 2 i (R) i s ,  t h e r e f o r e ,  
ob ta ined  from measurements of AP a t  co n s tan t  (Q/ttR3) f o r  v a r io u s  
L/R.
Merz § Colwell (1958) showed th a t  provided L/R i s  l a r g e r  
than 120, end e f f e c t s  can be n eg lec ted  fo r  polymer m e l t s ,  i . e .  £ i s  
i n s i g n i f i c a n t .  Thus end e f f e c t s  a re  l i k e ly  to  be sm all in  th e  
p re s e n t  experiments and p 2i (R) can be c a lc u la te d  from eq uation  6 .12 .
Die sw ell a lso  depends on the  L/R r a t i o  (Bagley e t  a l  1963) 
and on the  geometry of th e  d ie  e n try  (Metzner e t  a l  1960). These 
e f f e c t s  can be a t t r i b u t e d  to  e l a s t i c  e f f e c t s  in  the  d ie  e n try  reg io n  
which decay during  the  passage o f  th e  melt through th e  c a p i l l a r y .  
However a t  la rg e  L/R r a t i o s  the  d ie  sw ell i s  independent o f  tube 
leng th  (Bagley e t  a l  1 9 6 3 , ,Metzner e t  a l  1960). The e f f e c t  o f  L/R 
was checked with L orival R25 us ing  c a p i l l a r i e s  Al and A2 ( ta b le  6 .1 ) .  
We see from ta b le  6 .2  t h a t  the  d ie  sw ell was independent o f  L/R.
Since L/R  ^ 116 in  the  p re s e n t  experiments we can n e g le c t  en tran ce  
e f f e c t s  in  the  d ie  sw ell measurements.
jjii) Temperature r i s e  due to  shear  hea t in g
The maximum p o s s ib le  mean tem perature  r i s e  due to  sh ea r  
h ea tin g  can be es tim ated  by assuming th e re  i s  no h e a t  lo ss  from th e  
sample. This w i l l  overes tim ate  the  e f f e c t  bu t  should in d ic a te  i f  
shear h ea t in g  i s  s i g n i f i c a n t .  The tem perature  r i s e  AT i s  g iven  by
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j FIGURE 6 /6  L o riva l R25, 23-5°C -  p21(R) as a fu n c t io n  ;
' " " 7“ '.....  ” “ ]  of (4Q/7TR3) ;
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FIGURE 6 .7  L or iva l R25, 23*5°C — Comparison of co n e -p la te  
and c a p i l l a r y  rheometers
Q  c o n e -p la te  (rheogoniometer)
O  c a p i l l a r y
(Pearson 1966)
A T  =  A P / p C p  • 6 . 1 5
where p i s  the  f l u i d  d e n s i ty  and Cp i s  the  s p e c i f i c  h e a t  o f  the  
m a te r ia l .  For L orival R25 a t  G(R) = 1 s e c -1 and L/R = 160; then  
AP ^ 107 dyn c n r2 and we f in d  from equation  6.15 t h a t  AT i s  
approxim ately  0.5°C. The s p e c i f i c  h ea t  and d e n s i ty  of the  polymer 
were ob ta ined  from Brandrup § Immergut (1966). In p r a c t i c e  the  
tem peratu re  r i s e  w i l l  be much le s s  than  0.5°C and we can assume 
th a t  shear h ea t in g  e f f e c t s  a re  n e g l ig ib le  in  the  p re s e n t  experim ents.
6 .6  Experimental R esu lts
The p re s su re  and p i s to n  speed were recorded  in  a s e r f e s  of 
experiments w ith  L orival R25 to  ensure t h a t  the  appara tus  gave r e s u l t s  
c o n s is te n t  with those  ob ta ined  on the  rheogoniom eter. As p re d ic te d  
by th e  th eo ry  (equation  6 .9) p 2i (R) i s  a unique fu n c t io n  o f  Q / ttR 3  
( f ig u re  6 .6 ) .  This im plies  th a t  s l i p  a t  the  w all i s  n e g l ig ib le  
(Oldroyd 1958). The shear  r a t e  a t  th e  wall G(R) was, th e r e f o r e ,  
c a lc u la te d  from equation  6 .10 . To o b ta in  n* (equation  6.11) a second 
o rder polynomial was f i t t e d  to  th e  log ( Q / ttR 3 )  — log (AP/RL) d a ta  by l e a s t  
squares and the  fu n c t io n  d i f f e r e n t i a t e d  a n a l y t i c a l l y .  The dependence 
of P2 1  on G i s  shown in  f ig u r e  6 .7 .  The c o n e -p la te  r e s u l t s  o b ta ined  
on th e  rheogoniom eter1 a re  a lso  shown and th e  agreement between th e  
r e s u l t s  obta ined  w ith th e  two geom etries  i s  good.
Die sw ell measurements were made on each m a te r ia l .
C a p i l l a r i e s  Al, B1 and Cl ( ta b le  6 .1 ) were used fo r  the  L o r iva l R25 
experiments and A2, B1 and Cl f o r  th e  P a ra lac  385 experim ents . Some 
a ttem pt was made to  o b ta in  d a ta  w ith  P a ra lac  385 us ing  Al bu t i t  was 
abandoned because of poor tem perature  c o n tro l  ob ta ined  w ith t h i s - v e r y  
long d ie .  The load read ings  were n o t recorded  during  th e  d ie  sw ell 
measurements.
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6 .8  L or iva l R25 and P a ra lac  385 — Die sw ell as a
I fu n c t io n  o f  shear  r a t e
JV  (cm) i L orival R25 23-5°C ~ P a ra la c  385
' 0-126 | □  @ 60°C ; | I
; 0-0975 | O  - ©  60°C - ^ - ;6 5 ° C ;
0-067 j A  A  60°CJ  j
The e x tru d a te  d iam eter reached a co n s tan t va lue  a t  about 
3R from the  e x i t  o f the  c a p i l l a r y .  The d ie  sw ell was th e re fo re  
determined f o r  each run from the  mean va lue  of the .m easured  
diam eter f o r  d is ta n c e s  from tire c a p i l l a r y  e x i t  g r e a te r  than  3R.
The r e s u l t s  a re  shown in  f ig u r e  6 .8  and we see t h a t  both 
the  e l a s t i c  (L oriva l R25) and the  v iscous  (P ara lac  385) f l u i d s  show 
a s i g n i f i c a n t  amount of d ie  sw e ll .  The average d ie  sw ell f o r  
Par.alac 385 was 13.5% and independent o f  th e  c a p i l l a r y  r a d iu s ,  
v i s c o s i t y  and volume r a t e  o f  flow. For the  e l a s t i c  f l u i d  d ie  sw ell 
in c reased  w ith shear r a t e  b u t was independent o f  th e  tube r a d iu s .
These r e s u l t s  agree w ith  Vinogradov $ Prozorovskaya’s (1964, 1967) 
o b se rv a tio n s  on p o ly s ty ren e  and po lypropylene . At low shear  r a t e s  
the  d ie  sw ell f o r  th e  e l a s t i c  f l u i d  appeared to  be asym ptotic  to  th e  
Newtonian r e s u l t .
6 .7  D iscussion
The normal s t r e s s  d i f f e r e n c e  was c a lc u la te d  from the  
d ie  sw ell d a ta  f o r  L orival R25 by th e  momentum ba lance  method 
(chap ter  2, equation  2 .1 3 ) .  The v a lu es  of oj ob ta ined  were more 
than seven o rders  of magnitude lower than  the  r e s u l t s  ob ta ined  from 
the  rheogoniometer measurements re p o r te d  in  chap te r  3. C le a r ly ,  as 
we have a lread y  seen in  chap te r  2, th e  momentum balance  approach to  
d ie  sw ell i s  no t a p p ro p r ia te  to  polymer m e lts .
I t  has been confirmed t h a t  h igh v i s c o s i t y  Newtonian f l u i d s  
e x h ib i t  a s i g n i f i c a n t  amount of d ie  sw ell a t  low sh ea r  r a t e s . The 
average d ie  sw ell of 13.5% i s  h ig h e r  than  has been p re v io u s ly  r e p o r te d  
(Middleman § Gavis 1961a, Goren § Wronski 1966), bu t th e  p re s e n t  d a ta  
were ob ta ined  a t  much lower Reynolds numbers (<10“7) .
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There a re ,  th e r e f o r e ,  two c o n tr ib u t io n s  to  the  d ie  sw ell 
of polymer m e lts .  The f i r s t  i s  a s s o c ia te d  w ith a v iscous  e f f e c t  
and superimposed on t h i s  i s  an e f f e c t  due to  th e  e l a s t i c  n a tu re  of 
polymer m e lts .
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Chapter 7
EVALUATION OF RHEOLOGICAL EQUATIONS OF STATE
7.1 In tro d u c t io n
Extensive  reviews of rh e o lo g ic a l  equations  of s t a t e  have 
been pub lished  by Markovitz (1957), Bogue § Doughty (1966) and 
S p r iggs , Huppler § Bird (1966). In Spriggs e t  a l ' s  e x c e l le n t  review 
20 d i f f e r e n t  models a re  ta b u la te d  in  uniform n o ta t io n  and compared 
in  a number of flow s i t u a t i o n s .  We w i l l  n o t, ,  t h e r e f o r e ,  a ttem p t to  
give a comprehensive a p p ra is a l  o f  a l l  the  th e o r ie s  bu t p ick  the  
most promising models from the  l i t e r a t u r e .  In a sse ss in g  the  th e o r ie s  
the  p rev ious  au thors  have r e l i e d  m ostly  on polymer s o lu t io n  d a ta .
There have been few a ttem pts  to  t e s t  models us ing  d a ta  on h igh 
v i s c o s i t y  polymer m elts  in  a number of flow s i t u a t i o n s .
The main requ irem ents  o f  a rh eo lo g ica l-  equation  o f  s t a t e  to  
d e sc r ib e  polymer m elt behaviour a re
( i )  I t  should be a te n so r  equa tion .
( i i )  The theo ry  must p r e d ic t  v a r ia b le  v i s c o s i t y ,  normal 
s t r e s s  d i f f e r e n c e s ,  s t r e s s  r e l a x a t io n  and growth, 
shear  recovery  and dynamic behav iour.
( i i i )  I t  should p re fe ra b ly  have some m olecu lar b a s i s .
( iv )  The model should be e x p l i c i t  and c o n ta in  a sm all 
number of co n s tan ts  which can be ob ta ined  from 
simple la b o ra to ry  experim ents. This i s  so t h a t  th e  
models have some hope of being  ap p lied  in  eng ineering  
a p p l ic a t io n s  such as polymer p ro c e ss in g .
(v) No p h y s ic a l ly  im possib le  s i t u a t i o n s  should a r i s e .
Obviously no t a l l  th e o r ie s  w i l l  meet a l l  th e se  req u irem en ts .  
However the  model we a re  looking f o r  should be r e a l i s t i c  y e t
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m athem atica lly  t r a c t a b l e  i f  i t  i s  to  be of any use in  eng ineering  
a p p l ic a t io n s .
7.2 C la s s i f i c a t io n  of Theories
Any c l a s s i f i c a t i o n  of th e o r ie s  i s  a r b i t r a r y  s in ce  some 
models a re  s p e c ia l  cases o f o th e rs  (Bogue § Doughty 1966). However 
we can c l a s s i f y  them according to  th e  form they; are  c o n v en tio n a lly  
used in to  those  invo lv ing
( i )  a time d e r iv a t iv e  o f  s t r e s s ,
( i i )  an i n t e g r a l  of th e  s t r a i n  or r a t e  o f  s t r a i n  h i s t o r y ,
■ ( i i i )  some simple fu n c t io n  between th e  s t r e s s  and s t r a i n
or r a t e  of s t r a i n .
The t h i r d  typ& may be u s e fu l  in  some s teady  flow s i t u a t i o n s  b u t they 
do n o t p r e d ic t  t r a n s i e n t  behaviour and we w i l l  no t co n s id e r  t h i s  
c la s s  of theo ry  any f u r th e r .
The models invo lv ing  time d e r iv a t iv e s  of th e  s t r e s s  have 
been in s p i re d  mainly by the  p ioneer ing  work of Oldroyd (1950) and 
the  i n t e g r a l  equations  a re  a development of Lodge’s (1956) network 
theory  o f  flow.
Models invo lv ing  a time d e r iv a t iv e  o f  the  s t r e s s  a re  
u n a t t r a c t i v e  f o r  a number o f  reasons  (Tanner 1968, White 1968). 
F i r s t l y  equations  e x p l i c i t  in  s t r e s s  a re  p re fe ra b le  s in ce  once th e  
k inem atics  are  p re s c r ib e d  the  s t r e s s  can be r e a d i ly  c a lc u la te d .  This 
seems more p r a c t i c a l  than  c a lc u la t in g  th e  s t r a i n s  from the  s t r e s s  
s in ce  even in  in s ta n ce s  where one component of the  s t r e s s  t e n so r  i s  
known, we may no t know the  o th e r  components, e .g .  shear reco v ery .  
Tanner £ Simmons (1967) a lso  found th a t  i n s t a b i l i t i e s  occurred  when 
the  s o lu t io n  of problems using  a d i f f e r e n t i a l  model were a ttem pted
on a computer. Since the  t ren d  w i l l  be to  put rh e o lo g ic a l  models 
on computers ■— in  some cases t h i s  may o f f e r  the  only hope o f  a 
s o lu t io n  — t h i s  i s  ano ther reason  f o r  us ing  in t e g r a l  eq u a tio n s .
F in a l ly  i n t e g r a l  models have la rg e ly  developed from the  th eo ry  of 
Lodge (1956) which i s  a m olecular approach based on th e  su c c e ss fu l  
theory  of rubber e l a s t i c i t y .  Thus we w i l l  r e s t r i c t  our a t t e n t io n  
to  a number o f  i n t e g r a l  th o e r ie s  using  a common n o ta t io n .
7.3 D e sc r ip t io n  of Theories
To s im p lify  the  mathematics the  th e o r ie s  w i l l  be expressed  
in  a common n o ta t io n  using  a C a r te s ia n  c o -o rd in a te  system Oxx * 2  x 3*
Lodge (1956, 1964) proposed a network th eo ry  o f  flow f o r  
polymer systems based on th e  k in e t i c  theory  of r u b b e r . e l a s t i c i t y .
This th eo ry ,  which d e sc r ib e s  q u a l i t a t i v e l y  many of th e  f e a tu r e s  o f  
polymer m elt behav iour ,  i s  th e  b a s is  fo r  a number of rh e o lo g ic a l  
models and i s  a u s e f u l  s t a r t i n g  p o in t .
Lodge assumes t h a t  the  network ju n c t io n s  in  the  model have 
a f i n i t e  l i f e t im e  bu t the  co n ce n tra t io n  o f  ju n c t io n s  o f  a g iven  age 
i s  constant.. The proposed c o n s t i tu t iv e  equation  i s
t
where x^ are  th e .c o - o rd in a te s  of a p a r t i c l e  a t  c u r re n t  t im e, t  and 
Xj,1 a re  the  c o -o rd in a te s  a t  some p a s t  time t ’ . $ i s  a fu n c t io n  o f th e
P i j :  = - P 6i j  + / $ C t - t ' )  Cjj d t 7.1
where p . . i s  the  s t r e s s  te n s o r ,  p an a r b i t r a r y  h y d r o s ta t i c  p re s su re
J
and 6-jj the  u n i t  t e n s o r .  C-jj i s  the  F inger s t r a i n  t e n so r  whose 
components are  g iven by
7.2
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e lapsed  time ( t - t 1) and can be in te r p r e te d  as the  ’ju n c t io n  age 
d i s t r i b u t i o n  fu n c t io n ’ . We can assume th a t  o ld e r  s t a t e s  a re  le s s  
im p o r tan t . th an  newer s t a t e s  and thus $ i s  a decreasing  fu n c t io n  of
Thus the  s t r e s s  i s  p o s tu la te d  to  depend on th e  h i s to r y  
of th e  s t r a i n  and $ i s  commonly c a l le d  the  memory f u n c t io n .
Equation 7.1 p r e d ic t s  q u a l i t a t i v e l y  a l l  the  gen era l  
f e a tu re s  o f  polymer m elt flow , e .g .  s t r e s s  r e l a x a t i o n ,  normal s t r e s s  
d i f f e r e n c e s ,  sh ea r  recovery  e t c .  However i t  i n c o r r e c t l y  p r e d ic t s  
t h a t  th e  v i s c o s i t y  and (q j/G 2) a re  independent of shear  r a t e .  I t  
a lso  p r e d ic t s  t h a t  0 2 = 0  and w hile  t h i s  i s  a good approxim ation in  
some cases i t  i s  no t t r u e  in  g e n e ra l .
where y i s  the  memory fu n c t io n .  This model appears -to have been 
in s p i r e d  by Oldroyd (1950 equation  57). Equation 7.3 p r e d i c t s  the  
same behaviour as 7.1 and th e re fo re  s u f f e r s  from th e  same d isad v a n ta g es .
on an in v a r ia n t  o f  the  r a t e  of s t r a i n  te n so r  e ^ j . He suggested  an 
equation  of the  form
( t - t ' ) . '
A model s im i la r  to  (7 .1) has a lso  been proposed by
Fredr'icksen (1962)
t
P i j  = -  P6i j  ~ y ( t - t ' )  a ' C i j  d t '
at '
7.3
Lodge (see Spriggs e t  a l  1966) suggested  t h a t  a more u s e f u l
model would be ob ta ined  i f  the  memory fu n c t io n  inc luded  a dependence
t
* [ t - t 1 2 ( t ' ) ] [ ( ! + £ )  c i i +£ C ii_1] d t-  7 .4O J o
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Where I 2 i s  the  second in v a r ia n t  of the  r a t e  o f  s t r a i n  te n so r  
de f ined  by
I 2 = ®ij • ®ij 7.5
e i s  a co n s tan t  and c i j _1 i s  the  Cauchy-Green s t r a i n  te n so r  whose 
components are
Ci j " 1 = /  9xk ’ 9xk '
\ 8 x j  /  7 .6
The term in  C i j -1 i s  due to  Ward § Jenk ins  (1958) and allows f o r
non-zero  va lues  of cr2 . MacDonald § Bird (1966) proposed th e
fo llow ing  form f o r  the  memory fu n c t io n .
4 » [ t - t ' ,  I 2 ( t ' ) ]  =  [ n o / n I i  x n ]  7 . 7
, ^  Xn a + J l 2 C t ' ] c 2Xn2) 
n =l 11 4
where no i s  the  zero shear r a t e  v i s c o s i t y ,  th e  An a re  time c o n s ta n ts  
and c i s  a co n s ta n t .  The An are  r e l a t e d  to  a m aster  co n s ta n t  A by
xn = A/n01 ; 7 .8
where a i s  a co n s ta n t .
The model g iven by equations  7 .4 ,  7 .7  and 7 .8  i s  known ; 
as the  WJFLMB theory  and con ta ins  5 c o n s ta n ts ,  nQ> c , A, a and e.
The choice f o r  An (equation  7.8) was guided by th e  
m olecu lar theo ry  o f  Rouse (1953). In Spriggs e t  a l ' s  (1966) e x c e l l e n t  
review t h i s  theo ry  appeared to  be th e  most su cc e ss fu l  f o r  d e sc r ib in g  
the  flow behaviour of polymer s o lu t io n s .  I t  has no t been a p p l ie d  to  
d a ta  on high v i s c o s i t y  polymer m e lts .
In th e  same way th a t  th e  WJFLMB model developed from Lodge’s 
1956 theory  (equation  7 .1 ) ,  7.3 has been extended to  g ive  th e  OWFS 
model (S p rigg ’s e t  a l  1966).
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The proposed equation  i s  
t
3Cii e 3 C- ; ^  
C1+§) _ L + _ _ ± L  d t , 7 .9P i i  =  -  p f i i j  -  /  y [ t - t v ,  i 2 ( t 1 ) ]
2 a t 1 2 a t 1
where y i s  given by
* 00
> [ -  ( t - t ' ) A n ]y [ t - t ' ,  i 2 ( t ' ) ]  = [ n 0 /  i  xn ) X )
V  n=1 '■-n=1 0 +i i ? . ( t ' ) c ;' V )
7.10
and the  XR are  de fined  by 7 .8 .  This model con ta ins  the  same 5 
c o n s tan ts  no* c > a > e as the  WJFLMB th eo ry .
. Kaye (1962) proposed an ex tens ion  to  Lodge's 1956 model 
s im i la r  to  R iv i in 's  (1956) ex tens ion  of theory  of rubber e l a s t i c i t y .
The equation  tak es  the  form
su _  i u  d t-  7- np i j  —  p « ij  + 2 i  i  —
3Jl 3J
where J i ,  J 2  a re  in v a r ia n t s  o f  C-jj defined  by
*^ 1 “ ^ i i
2^ = 2 |(Cii)2 *“ ^ijj
7,12
and U i s  a s c a l a r  fu n c t io n  of J i ,  J 2 and ( t - t ' ) .
An i d e n t i c a l  exp ress ion  to  (7.11) was pub lished  s e p a r a te ly  
by B ern s te in ,  Kearsley § Zapas (1964) and t h i s  model i s  sometimes 
known as the  BKZ th eo ry .  However we s h a l l  r e f e r  to  i t  as the  Kaye 
model.
Equation (7.11) i s  e q u iv a len t  to  conside ring  th e  memory 
fu n c tio n  in  equation  7.4 to  be a fu n c t io n  of th e  s t r a i n  in v a r i a n t s
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J l  and J 2 in s te a d  of the  r a t e  o f  s t r a i n  in v a r ia n t  1 2 -
Zapas (1966) has considered  some forms fo r  U bu t they  do 
not appear to  be very  u s e fu l  and do not give e x p l i c i t  s o lu t io n s  
even in  s teady  shear  flow. Bogue £ Doughty (1966) p o s tu la te d  the  
fo llow ing  form f o r  U
A s im i la r  express ion  to  7.13 e x i s t s  f o r  (9U/9J2).
The Qm and Xm are  no t i n t e r r e l a t e d  and t h i s  can lead  to
a la rg e  number o f  c o n s ta n ts .  We might r e l a t e  th e se  to  some m aster
«
co n stan ts  as i n vth e  WJFLMB and OWFS models. We, t h e r e f o r e ,  propose.; 
the  fo llow ing fo r  U
Where n0 i s  the  zero shear r a t e  v i s c o s i ty  and th e  Am are  r e l a t e d  to  
A by
Xm ■= V'»a 7.16.
where a i s  a constan t
Thus l ik e  the  WJFLMB and OWFS models th e re  a re  5 c o n s ta n ts ;  
a , A, b ,  h0 , £. S im ila r  models to  equation  7.11 have been
9U
9JX 7.13m Am s
where Qm, Am'and b a re  co n s tan ts  and
s = ( t - t ' ) 7.14
9U (2+fe)
9J1 4 xm s '
1 + b I ( J i  -3)
1
2
9J2 4
9U 1 + b | ( J 2- 3 ) h
s
-  9 1  -
considered  by White (1968), while Bogue (1966) has d iscu ssed  
i n t e g r a l  equations  s im i la r  to  the  WJFLMB model bu t with the  time 
\  co n s tan ts  depending on th e  mean shear r a t e  over the  p a s t  h i s t o r y .  
This form becomes r a th e r  clumsy and can lead  to  a la rg e  number of 
independent c o n s ta n t s .
Thus we have th re e  i n t e g r a l  t h e o r i e s -  WJFLMB, OWFS and 
Kaye - which we w i l l  compare w ith the  experim ental d a ta  ob ta ined  
in  the  p rev ious  c h a p te rs .  The models d i f f e r  s l i g h t l y  bu t a l l  
con ta in  i n t e g r a l s  over th e  p a s t  time which a re  weighted so t h a t  old  
events  a re  le s s  im portan t.
7 .4  Comparison of Theories w ith Experimental Data
The th e o r ie s  were evalua ted  using  the  d a ta  f o r  th e  two 
p o ly iso b u ty len es  rep o r te d  in  chap te rs  3, 4 and 5. The model 
param eters  were es tim ated  from the  s teady  shear flow r e s u l t s  and 
then used to  p r e d ic t  the  behaviour in  s t r e s s  r e l a x a t i o n ,  s t r e s s  
growth and shear  recovery . Thus the  t r a n s i e n t  experiments a re  
completely independent t e s t s  of th e  v a l i d i t y  o f the  v a r io u s  th e o r ie s ,  
The c a lc u la t io n s  were a l l  c a r r ie d  out on an A tlas  computer 
(U n ive rs ity  o f  London). To s im p lify  the  n o ta t io n  we w i l l  assume 
subsequently  t h a t
En
7.17
n=i
( i )  Steady shear flow
The k inem atic  equations  a re
* 1  = xi« + G ( t - t ' )  x 2 
x 2 = x 2 ' ; x 3 = x 3 » 
and 12 ( t ' )  = 2G2
7.18
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where G i s  the  s teady  shear r a t e .  E valuating  C-pj' and G ^j"1 from 
7 .2  and 7.6 we f in d  from 7.12 th a t  I
J l = J 2 .= 3 + G2 ( t - t 1) 2 7.19
WJFLMB Theory:
S u b s t i tu t in g  from above in  the  c o n s t i t u t i v e  equation  
fo r  t h i s  model (equations 7 .4 ,  7 .7  and 7.8) changing v a r i a b le  to  
s (equation  7 .1 4 ) ,  we o b ta in
P21 = B0 GZ(a)"1 ^  n a  /  (n2a + c2 X2 G2) ■ 7.20
n -
01 = 2n0XG2Z (a ) " 12 3  1 /  (n2CX + : c 2 X2 G2) 7.21
. ; ' ' ' --------------   n . L ‘ ”......... ' T
02 /  a i = e/2 7.22
where Z(a) i s  the  Riemann z e ta  fu n c tio n
Z(a) = ' y  ^  l / n a 7.23
n
OWFS Theory:
We can show t h a t  t h i s  model (equations  7.9  and 7.10) g ives  
i d e n t i c a l  r e s u l t s  to  the  WJFLMB p re d ic t io n s  
Kaye Theory:
By s u b s t i t u t i n g  f o r  J j ,  J 2 , C^j and G-y-1 from 7 .2 ,  7 .6  
and 7.12 in  the  c o n s t i tu t iv e  equation  (7 .11 , 7.15 and 7 .1 6 ) ,  we 
o b ta in
P21 = h0 Gz(a ) _1 2  1 /  ^  + bGXV  7 ‘24m . t
0 1  = 2Xn0 G2Z (a ) " 1 X /  1 /  (ma + bGX)2 7.25
m
o2/o i  = e /2  7.26
. 1 - 93 -
(°i
 )
l 
k G
2'
io)
x1
02 
or 
(n
/ti
0)
GcX
FIGURE 7.1 WJFLMB/OWFS Theories  -  Typica l m aste r j
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TABLE 7.1
Model cons tan ts
V istanex
LM-MS
V istanex
LM-MH
n0 (poise) 4 . 7 4  x i o 5 6 . 9  x 10.5
e -  0 . 2 6 - 0 . 3 2
WJFLMB/ OWFS
ot 3 . 5 2 . 5
c 0 . 6 6 0 . 875
X (Sec) 2 . 5 4 . 0
Kaye
a 6 5
b 0 . 4 0 . 4 8
A(Sec) 2 . 5 3 . 7 5
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P 2 I
The procedure f o r  e s t im a tin g  the  model co n s tan ts  in  the  
WJFLMB/OWFS th e o r ie s  was as fo llow s:
(a) The v i s c o s i t y  of the  f l u i d  a t  low shear r a t e s  was approxim ately  
co n s tan t  and t h i s  va lue  was taken as ri0
(b) A s e r i e s  of m aster curves were p repared  fo r  v a rio u s  a 
( f ig u re  7 .1 ) .
(c) a and cA were then determined by s h i f t i n g  the  experim ental log 
(n /n0) " l°g  G curves along the  shear r a t e  ax is  u n t i l  they  
co incided  w ith  one of the  v i s c o s i ty  m aster curves.
(d) S im ila r ly  A was determined by s h i f t i n g  the  experim ental log
(a i /G 2) - log G curve along the  (a i/G 2) ax is  u n t i l  i t  co incided
with a normal s t r e s s  m aster curve.
(e) e was c a lc u la te d  from the  average va lue  of ( 0 2 / 0 1 )
4
! For th e  m aster curves shown in  f ig u r e  7.1 the  i n f i n i t e  
s e r i e s  in  equations  7.20 and 7.21 were t ru n c a te d  a t  n=50. This i s  
j u s t i f i e d  s in ce  p re l im in a ry  c a lc u la t io n s  showed th a t  th e re  was 
<0.001% d i f f e r e n c e  between using  50 or 200 term s.
*The co n s tan ts  in  the  Kaye model w e re  ob ta ined  by an 
i d e n t i c a l  procedure.
The co n s tan ts  ob ta ined  f o r  the  two p o ly iso b u ty len es  a re  
shown in  ta b le  7 .1 .  Using th e se  va lues  the  t h e o r e t i c a l  curves a re  
compared w ith the  experim ental d a ta  in  f ig u re s  7.2 to  7 .5 .  .
The P21  d a ta  are  f i t t e d  q u i te  w ell f o r  the  models and !
the  f i t  o f the  ai d a ta ,  although i t  i s  no t so good, i s  re a so n a b le .  
There does not appear to  be much d i f f e r e n c e  between th e  WJFLMB/OWFS 
and Kaye th e o r ie s  in  t h i s  flow s i t u a t i o n .
The main weakness of th e se  models in  s teady  sh ea r  flow i s  
t h a t  the  curve of p 2i ve rsus  G i s  r e l a t e d  to  the  s lo p e  of ai v e rsu s
1  ■ .
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G. In a d d i t io n  the  r a t i o  cr2/ a 1 i s  req u ire d  to  be a c o n s tan t  which, 
consider ing  the  accuracy of the  a 2 d a ta ,  i s  probably  adequate as a 
f i r s t  approxim ation.
CiiX S tr e s s  r e la x a t io n
Assuming th a t  s tead y  shear  flow i s  stopped a t  t= o , then 
we wish to  c a lc u la te  how the  s t r e s s e s  yary  w ith  time f o r  t;>0. The 
kinem atic  equations  are  g iven by
X1 = XJL ’ — Gx2 ’ t  ’
Y = x 2 ' ; X 3  = X 3 1 [ f o r  t 1 <o<t 7.27
2
I 2 = 2G2
Xj_ = x^! ; I 2 = o f o r  o - t '< t  7.28
where G i s  the  s teady  s t a t e  sh ea r  r a t e .  E valuating  J i  and J 2  
from 7 .2 ,  7 .6 , 7 .12, 7.27 and 7 .28 , we f in d
J l  = j 2 = 3 + G2t ' 2 f o r  t '< o
= 3  f o r  t ' ^ o
7.29
Thus:
( J 2 — 3 )2 [ = — G t1 f o r  t '< o
= 0  f o r  t ’^o
7.30
S u b s t i tu t in g  7.27 to  7.30 in  th e  c o n s t i t u t i v e  equations  C7.4, 7 .7 ,  
7 .8  to  7 .11, 7 .15, 7.16) changing v a r ia b le  to  s and i n t e g r a t i n g ,  
we o b ta in  the  fo llow ing p re d ic t io n s  f o r  s t r e s s  r e l a x a t io n
OWFS/WJFLMB Theories :
These a re  id e n t i c a l  in  s t r e s s  r e la x a t io n
• P2 lC t) ^  na ex p (- t /X n) / ( n 2a + G2c 2X2 )
P2 1 C0 ) 2  na / ( n 2a + G2c2A2)
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a l ( t )  £  exp ( - t /A n) /  (n2<1 + G2c2A2)
  _ _n_____________;_________________
° l ( o )  £  1 /  (n 2(X + G2 c 2A2 )
n
7.32
Kaye Theory:
P 2 1  C t ) m exp(- t/A m) ( l-bG t) /(m a + bGA)
P2 l (o )  E  1/ (ma + bGA) 
m
£  expCbGt)bGt2A“-1 Ej [tA-1 (ma + bGA)]
7.33
£  1 / (ma + bGA)
• m---------'
L .
cri (t). S  expC~t/Am) CbGt2A_1ma + b 2G2t 2 - bGt+2)/Cma+bGA)2ra
a l (o) £  2/Cma + bGA)2
' £
m
exp(bGt)bGt3A“2 E} [tA"-1 (ma + bGA}]
7.34
- l  r™ a
X  2 / (ma + bGX)2 
m
where
/ e x p ( - t )  ! d t 7.35
. P 2 l ( t ) /  Aj'TCt) a re  the  s t r e s s  v a lu es  f o r  t > o . p 2 i (o )  and oi (o) 
a re  s teady  s t a t e  s t r e s s e s  a t  a sh ea r  r a t e  o f  G.
A number of t h e o r e t i c a l  r e l a x a t io n  curves have been 
c a lc u la te d  from equations  7.31 to  7.34 f o r  s teady  sh ea r  r a t e s  from 
0.00572 to  14.4 s e c " 1. We have seen in  chap te r  4 t h a t  only th e  
V istanex LM-MS d a ta  f o r  s t r e s s  r e l a x a t io n  and s t r e s s  growth were 
r e l i a b l e ;  the  c a lc u la t io n s  were th e re fo re  c a r r ie d  out us ing  th e  
model co n s tan ts  fo r  t h i s  m a te r ia l  ( ta b le  7 .1 ) .  As f o r  th e  s tea d y  s h ea r  
r a t e  p r e d ic t io n s ,  the  c a lc u la t io n s  were s topped a t  n o r  m = 50.
Ei[x] (equation  7 .3 5 ) ,  which appears in  the  Kaye model p r e d i c t io n s ,
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FIGURE 7.6 S tr e s s  r e l a x a t io n  of V istanex LM-MS, 29*25°C 
i *
| — Comparison of theo ry  and experim ent, s teady
l - \  sh ea r  r a t e  = 0* 144 s e c " 1
i
Experiment 
Kaye theo ry  
WJFLMB/OWFS th e o r ie s
was c a lc u la te d  using  a polynominal approximation given by Abramowitz 
§ Stegun (1965 p . 231). The e r r o r  in  the  approximation i s  s t a t e d  to  
be < 2 x  10- 7 .
The th e o r ie s  p r e d ic t  t h a t  •
(a) P2 1  r e la x e s  f a s t e r  than  qj
(b) There i s  very  l i t t l e  change in  the  r a t e  o f  s t r e s s
r e la x a t io n  (<1%) f o r  va lues  of G le s s  than  about
1 sec - 1 , bu t above 1 s e c ' 1 th e  s t r e s s e s  r e la x  more
ra p id ly  as G in c re a s e s .
These p o in ts  agree q u a l i t a t i v e l y  w ith th e  r e s u l t s  re p o r te d  in  
chap te r  4 and o th e r  pub lished  d a ta  (Benbow § Howells 1961, Huppler 
e t  a l  1967).
We have seen in  chap te r  4 t h a t  the  o \  r e l a x a t io n  d a ta  a re  
u n r e l i a b le  and we can only compare q u a n t i t a t i v e ly  the  p r e d ic t io n  of 
P21  w ith experiment. This i s  shown in  f ig u r e  7.6 f o r  a s teady  shear  
r a t e  o f  0.144 s ec - 1 . Only r e s u l t s  a t  t h i s  shear  r a t e  a re  shown 
because the  experim ental d a ta  cover the  range of 0.00572 to  0.144 s e c -1 
and th e re  i s  l i t t l e  e f f e c t  due to  shear r a t e  under th e se  c o n d i t io n s .
The agreement between theory  and experiment i s  f a i r  bu t  th e  
observed r e la x a t io n  i s  f a s t e r  i n i t i a l l y  than  p re d ic te d  by the  models. 
This i s  c o n s is te n t  with Huppler e t  a l ' s  (1967) d a ta  a t  low sh ea r  
r a t e s .  There does not seem to  be much d i f f e r e n c e  between th e  OWFS/ 
WJFLMB and Kaye th e o r i e s ;  the  r e la x a t io n  o f  th e  OWFS/WJFLMB.models 
a re  more ra p id  i n i t i a l l y  and v ic e  v e rs a  a t  longer times f o r  a l l  shear  
r a t e s .  Huppler*s r e s u l t s  a t  h ig h e r  shear r a t e s  do in d ic a te  t h a t  the  
OWFS/WJFLMB t h e o r e t i c a l  r e la x a t io n  i s  too  ra p id  i n i t i a l l y  and p o s s ib ly  
the  Kaye model would f i t  t h e i r  r e s u l t s  b e t t e r  under th e se  c o n d i t io n s .
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(iii) Stress growth
We assume th a t  shear flow i s  ap p lied  to  t=o , and the  
problem i s  to  c a lc u la te  the  growth of the  s t r e s s e s  as a fu n c t io n  
of tim e. The kinem atic  equations  are
x i  = x i ! + Gx 9 1t
*2 = *2* ; X3 = x 3* . f o r  t 1<o<t 7.36
xi = x i ' + Gx2 T( t - t ' )
x 2 = ,  x 2 ! ; x 3 = x 3 ’ \  f o r  o < t ’<t
I 2 = 2G2
E valua ting  J j  and J 2 we o b ta in
J l  = j 2 = 3 + G2t 2 f o r  t ’<o<t
= 3 +  G2 ( t - t ' ) 2 f o r  o - t ’<t
Thus
( J l  -  3 ) = Gt f o r  t '< o
= G ( t - t ’ ) f o r  t ’^o
7.37
7.38
7.39
S u b s t i tu t in g  7.33 to  7.36 in  the  rh e o lo g ic a l  equations  o f  s t a t e  and 
in te g r a t in g  as b e fo re ,  the  fo llow ing  p re d ic t io n s  f o r  s t r e s s  growth.
OWFS Theory:
P 2 l ( t )  = 1 -  E  na ex p (- t /A n) / ( n 2a + G2c2A2)
E
7.40
n ' n ^ / C n 201 + G2 c 2A2 )
a i ( t )  = I — E  nae x p (- t /A n)tA _1/ ( n 2a + G2c2A2)
  - n _______________
O l  (oo) E  1/ (n2a + G2c 2A2) 
n ‘
„ E  ex p (- t /A n) / ( n 2a + G2c2A2)
‘ E l /  (n20i + G2c 2A2) n J
7.41
7.42
WJFLMB Theory:
■P2 i C t l  = - T ' ' nbex P ( - t An ) / ( n 2“ + G2c2X2)
p 2 i ( o o )  E  na / ( n 20t + G2c 2A2)
n
+ E  G2c2At ex p (- t/A n) / ( n 2a + G2c 2A2)
E  na / ( n 2a + G2c2A2) 
n
P i ( t )  = 1 -  E  na tA-1 expG't/An l/C n 20t + G2c2A2)
gi(co) E  l / ( n 20t + G2c2A2)
n 7.43
1 — G2c2t 2 \ E  ex p (- t /A n ) / ( n 2a + G2c 2A2)
2 / E  1/ (n2a + G2c2A2)
; n
Kaye Theory:
P 2 l ( t ) = ■; 1 ; — E  exp(-bG t)exp(- t/A mV (m a + bGA)
7 . 4 4
P2 1 U ) E  l / (m a + bGA)
m
-+ E  exp(-bGt)bGt2A-1 E j[ t /A m] 
E  l / (m a + bGA)
m
o i  ( t )  • =  : 1 [■— E  e x p ( - b G t ) e x p ( - t / A m )  [ t A " 1 ( m a + b G A )  +  l ]  /  ( m a + b G A )  2
ai(co) E  1/ Cma +  b G A ) 2
m
7 . 45
+ E  expC~bGt)bGt3A“2 E  ^ [t/Am]
E  2 / (ma + bGA)2
m
where P21 (°°) and o i (  00 ) a re  the  s t e a d y - s t a t e  va lues  o f  the  s t r e s s e s .
T h e o re t ic a l  s t r e s s  growth curves were c a lc u la te d  f o r  th e  
same s teady  shear r a t e s  as f o r  the  s t r e s s  r e l a x a t io n  curves d iscu ssed
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Comparison of th eo ry  and experim ent, s teady  
shear  r a t e  =0*144  s e c -1
Experiment
Kaye
WJFLMB
CN
CL
CN
Q .
t (sec)
FIGURE 7 .8  T h e o re t ic a l  s t r e s s  growth cu rves , s teady  ;
shear  r a t e  = 1 * 4 4  s e c -1 !
WJFLMB
—----------- i OWFS
e a r l i e r .  The models p r e d ic t  th a t  P21  reaches a s teady  value  qu icker 
than  o i ,  q u a l i t a t i v e l y  in  agreement w ith  the  ‘V istanex LM-MS d a ta  and 
o th e r  pub lished  r e s u l t s  (Huppler e t  a l  1967, Benbow $ Howells 1961).
At sh ea r  r a t e s  < about 1 s e c -1 the  models g ive  s im i la r  p r e d ic t io n s ,  
which a re  in  reasonab le  agreement w ith experim ental d a ta  ( f ig u re  7 .7 ) .
The OWFS p re d ic t io n  i s  no t shown in  f ig u r e  7.7 b u t i t  i s  w ith in  1% 
of th e  WJFLMB curve a t  th e se  low shear r a t e s .  There i s  very  l i t t l e  
e f f e c t  due to  shear r a t e  under th e se  c o n d i t io n s ,  ex per im en ta lly  or 
t h e o r e t i c a l l y .
As the  shear r a t e  in c re a se s  th e re  i s  a marked d i f f e r e n c e  in  the  
p re d ic t io n s  of the  th re e  models. At sh ea r  r a t e s  above about 1 s e c ' 1 
the  m odified  Kaye and WJFLMB models p r e d ic t  t h a t  the  s t r e s s e s  overshoot 
before" reach ing  a s teady  v a lu e .  No overshoot i s  p re d ic te d  by th e  OWFS 
model. The p re d ic t io n s  f o r  a s tead y  sh ea r  r a t e  o f  1.44 s e c -1 a re  
shown in  f ig u r e  7 .8 ,  and we a lso  see t h a t  the  WJFLMB model p r e d ic t s  
a much la r g e r  overshoot than  the  m odified  Kaye model.
The d a ta  re p o r te d  in  chap te r  4 d id  no t e x h ib i t  any overshoot 
b u t th e  r e s u l t s  a re  r e s t r i c t e d  to  sh ea r  r a t e s  < 1 s e c - 1 . Vinogradov § 
Belkin (1965} re p o r te d  overshoot in  p o ly s ty ren e  and p o lye thy lene  m elts  
and Huppler e t  a l  (1967)i re p o r te d  s im i la r  behaviour f o r  a number o f  
polymer so lu t io n s  a t  h igh  shear  r a t e s .
The amount of overshoot p re d ic te d  by the  Kaye and WJFLMB 
models in c re a se s  as the  shear  r a t e  in c reased  and th e  time a t  which the  
s t r e s s e s  reach  a maximum d ec rea se s .  These p o in ts  a re  q u a l i t a t i v e l y  
•in agreement w ith  the  pub lished  d a ta .
Huppler found th a t  the  p re d ic te d  overshoot f o r  th e  WJFLMB 
model was much la rg e r  than observed e x p er im en ta l ly .  The m odified  
Kaye theory  would seem to  f i t  t h e i r  d a ta  b e t t e r  in  t h i s  r e s p e c t .  The 
OWFS model i s  c l e a r ly  u n su i ta b le  s in ce  i t  does no t p r e d ic t  any 
overshoot.
( iv )  C onstrained sh ea r  recovery  j
Let us assume th a t  s teady  shear  flow has been ap p lied  
\  f o r  a very  long time and i s  removed a t  t~ o , thus
P21  = co n s tan t  = P2 1  (G) f o r  t<o
P21  = 0 f o r  t - o
7.46
where G i s  the  s teady  shear r a t e  ( fo r  t<o ) .
The problem i s  to  c a lc u la te  th e  recovery  as a fu n c t io n  o f  
tim e. We assume t h a t  the  system i s  co n s tra in ed  so t h a t  only simple 
shear  recovery  o ccu rs , i . e .  in  the  xj c o -o rd in a te  d i r e c t i o n .  The 
k inem atic  d e s c r ip t io n  i s
x i  = x j »  + l y C t )  -  Gt'J x 2 ’ 
x 2 = x 2* ; x 3 = x 3 ’ 
I 2 Ctf )  = 2G2
f o r  t<o 7 . 47
X1 = l x 1 »'+ lyCt)  - Y C t ' ) ]  x 2 ’]
x 2 = x 2 1 J x 3 = x 3 ' 1 1 f o r  t - o 7.48
I 2 Ct ' )  = 2 By Ct' )
3t
where y ( t )  i s  th e  s t r a i n ,  recovered  a t  t .  The t o t a l  e l a s t i c  recovery  
Yro i s  g iven by
Too “  T C t l ^ .  — ^  0 0  7 . 4 9• >
S u b s t i tu t in g  from 7.46 and 7 .47 in  the  c o n s t i t u t i v e  equation  f o r  th e  
WJFLMB model we o b ta in
° = J  ^ ^ e x p [ - C t - t » ) / X n] [yCt} - G t ']  d t '
n
■ /
n
An (1 + G2c2Xn 2)
exp[ - ( t - t 1)/An] [y ( t )  - y ( t ' ) ]  d t '
Xn Cl + D2c 2Xn2) 
: 101
7.50
where
>2 - syC t’ )
at
7.51
The second in t e g r a l  cannot be so lved  a n a ly t i c a l ly  s in ce  y ( t ’) i s  
unknown. However by s u b s t i t u t i n g  fo r  t '  from 7.14; th e  f i r s t  i n t e g r a l  
can be eva lua ted ; 7.50 becomes
(n20t + G2 c 2 A2)
0 = GAX ^ n^ exp ( - t /A n) + y ( t ) \  ^ n 20t exp ( - t /A n)
( n 20t +  G 2 c 2 A 2 )
n
+ / W x p  {- C t - t 1 )/An] ^  - y ( t ’)] d t f
J  2 - J  ( 1 + D2 c 2 An 2)
L _ .
7.52
n
S im ila r ly  f o r  th e  OWFS model we o b ta in
0 = GA^ ~ * \n a exp C~t/An) + r ^ e x p [ - (t - t . ) / A n ]D d t 1
+  G 2 c 2 A 2 )  J  1 + ;  D2c 2An 2)n v ■ ■ n 11 ;
7.53
The s o lu t io n  f o r  the  Kaye model i s  more com plicated s in ce  
. i  . ;
we do not know | (J^ - 3 ) 2 | f o r  t 'S o .  E valuating  J j  and J 2  we f in d
J l  = j 2  = 3  + [y ( t )  - G t’j 2 f o r  - ® < t 1 < o
J i = j 2 = 3 +  [y ( t )  - y ( t ' ) ] 2 f o r  t  > t 1 ^ o 
t*  = [Gt - y ( t ) ] /G
Then from 7.54 and 7.56
| . (J l  - 3) 2 | = - Gt* + G C t- t ' )  
| (J i  - 3 ) 2 | = Gt* - G ( t - t ' )
00 < t '  < t - t *  
0  > t '  > t - t *
7.54
7.55
7.56
7.57
-  1 0 2  -
Since y ( t ’ ) i s  n eg a t iv e  and decreases  w ith  t
| (J - 3 ) 2 | = y ( t ' )  - y ( t )  f o r  o * t '  < t
S u b s t i tu t in g  7.46 to  7 .48 , 7.57 and 7.58 in  the  c o n s t i t u t i v e  
equation  fo r  th e  Kaye model we o b ta in
0 =
f Z m-
G exp(-bGt*)exp - s(l-bGAm)
vm
1 - bG+bGt* 
Am s
(s - t* )
t - t *
t - t *7e  G exp(bGt*)exp
m
- s (1+bGAm)
vm
1 + bG-bGt* 
Am s
(s - t* )
7 Eexp
m
- s + b [ y ( t ) - y  ( t ’ )J 
A'vm
1 -b [y ( t ) - y  ( t ' ) ] [y(t)
where s i s  given by 7.14. The l a s t  i n t e g r a l  cannot be so lved  
a n a ly t i c a l l y .  However th e  o th e r  in t e g r a l s  can be so lved  by 
s u b s t i t u t i n g  f o r  t 1 from 7.14; equation  7.59 then  becomes.
0 = G >  exp (-t* /A m)A
m
(1-bGt*) - (1+bGt*)
(ma+bGA) (ma -bGA)
+ G e x p [-b y ( t ) ]  exp (-t/A m)E
m
t - t *  + A (1+bGt*)
(ma+bGA)
+ (Gt*)2b exp(bGt*) ^  ^  E: [t*A“ 1(ma+bGA)]
m
- (Gt*)2b exp (bGt*) \  ^ B
l — J  m
m 1
7.58
d t ’
d t ’
1
- y ( t ’)]  d t ’ 
7.59
| - 103 --]
t^  exp [-s/Am+b [y Ct) -Y ( t  ’ ) ]J
m
1 -  b  [ y ( t ) ~ y ( t 1) ]  
K'm
7.60
where the  Bm a re  g iven by
Bm = Ei [tA- 1 (ma-bGA)] - E i[t*A - 1 (ma-bGA)] f o r  (ma -bGA)) >0 
Bjn = In ( t * / t )  f o r  (ma “t>GA) = o
Bm = l n ( t * / t )  + ( t*n - t n ) i f o r  (ma-bGA)<0
7.61
{ n!n[A/(ma -bGA)]
To c a lc u la te  the  model p re d ic t io n s  i t  i s  necessa ry  to  
so lve  .7.52, 7.53 and 7.60 f o r  y (L)> which cannot be done 
a n a l y t i c a l l y .  However by so lv in g  the  i n t e g r a l s  in  th e se  equations  
num erica l ly  we can o b ta in  y CO by an i t e r a t i v e  p ro cess .  The 
i n t e g r a l s  were solved by the  trapezium  r u l e  and we assume, th e r e f o r ^ ,  
t h a t  7 .52 , 7 .53 , and 7.60 can be approximated by 
WJFLMB Theory:
0 = Y(t) expC-t/An ) n2V ( n 2°+G2c 2A2)
n .  - ..------------ -■
+ Ga J 3 expC~t/An) n°7 (n2a+G2c 2A2)
IS exp [-C tk - t j ) / X n] [Y(tk) - Y j ( t ' ) ]  Atj Xn (1+ D j2 c 2 Xn 2)- 7.62
j= l
OWFS Theory:
n
0 = GA 53 nCt exPC- t / ^ n) / ( n 2a + G2c2A2) 
n
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kexp [ - ( t k  - t j ) / A n] Dj Atj 
Cl + Dj2 c 2 An 2 )
7.63
j = l  n
Kaye Theory:
0 = GA^^exp (- t* /A m)
m
(1-bGt*) - (1+bGt*)
t(ma +bGA) (ma -bGA)
+ G exp [by ( t ) ] ^  exp (- t /A m)
m
t - t *  + A (1+bGt*)
(ma - bGA)
- (G t*)2 b expC-bGt*} B
m m
+ (Gt*)2 b e x p ( b G t * ) [ t * A " V ( m a + bGA)]
m
•EE
j = l  m
exp " ( t k - t  j ) +b [y ( tk )  "Yj ( t 1) ] 1 " b [ y ( t k)-Yj ( t 1)
Xm ( t k - t j )
[ y C t ^ - y j  C t ') ]  Atj 
7.64
where
j  - ' 3  - j - i  = AtiAt,- = t n- - t
v * - f At.
7.65
7.66
j  =  l
t j  = ( t j + t j - i ) / 2 ...
Dj = [Y ( t j ) " Y ( t j - i ) ]  /  Atj
Y j ( t ' )  =  [ Y ( t j )  +  Y ( t j  +  1 ) ]  /  2
and k* i s  a c o n s ta n t .  " . ■
The Bjjj in  7.64 a re  eva lua ted  from 7.61 depending on the
7.67
7.68
7.69
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cLvalue  of (m -bGA). I f  we take  sm all increments of t im e , y ( t )  can 
be ev a lua ted  a t  each increment by some i t e r a t i o n  p ro cess .  Since 
the  recovery  curve approximates to  an exponen tia l  i t  seems reasonab le  
to  use time increm ents which in c re a se  w ith t  to  reduce the  amount of 
computation. Thus u s u a l ly  k* (equation  7.65) w i l l  be > 1.
The c a lc u la t io n  proceeds as fo llows
(a) A tj ,  k*, G and a maximum time of t  a re  s p e c i f ie d
(b) t i  and t i  a re  c a lc u la te d  from 7.66 and 7.67
(c) y ( t i ) , i s  found from 7.62 to  7.64 by an i t e r a t i v e  p rocess  suggested  
by H o rs fa l l  (1969). The method i s  based on th e  secan t  techn ique
(Ralston 1965) and i s  w ri t ten ,  as a s tan d a rd  su b ro u tin e .  The
programme must be su p p lied  w ith two t r i a l  va lues  of y ( t j )  to  s t a r t  
th e  i t e r a t i o n .  These were chosen to  b e .n e a r  zero and a va lue  
la r g e r  than  we would excep t. Df and y i ( t ' )  were c a lc u la te d  from 
7.68 and 7.69 using  the  most up to  d a te  e s t im a te  o f y ( t i )
(N.B. y ( t Q) = o ) .
The i t e r a t i o n  stopped a t  some s p e c i f ie d  convergence c r i t e r i o n ,  in  
t h i s  case i f  the  modulus o f the  l e f t  hand s id e  in  equa tions  7.62 
to  7.64 was <10~7 .
(d) t-2> ^2 a re  c a lc u la te d  and th e  p rocess  rep e a te d .
Thus in  genera l  f o r  y ( t k) we proceed as fo llow s
(e) C alcu la ted  Atk , t k , t k from 7.65 to  7.67 r
(f)  Find y ( t k) by the  i t e r a t i v e  p rocess  d esc rib ed  above, us ing  th e
c u rre n t  e s t im ate  of y ( t k) to  c a lc u la te  and y"k ( t f ) a t  each 
i t e r a t i o n .  For and y j ( t * ) ,  where j< k , the  v a lues  of y ( t j )  
p re v io u s ly  c a lc u la te d  a re  used.
(g) th e  procedure was rep ea ted  u n t i l  t k reached the  s p e c i f ie d  maximum 
t .  This was chosen by t r i a l  and e r r o r  so th a t  y ( t k) was 
independent of tim e, i . e .  to  w ith in  0.2% o f y ( t k_ i ) .  Thus i t  i s
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TABLE 7.2
Kaye‘theory - Effect of k* and At} on recovery calculations
G
(sec -1 ) k*
A ti/k*
(sec) y00
M ate r ia l  co n s tan ts  
(see t a b le  7 .1)
0.05 2.0 O'. 005
0.0025
0.00125
0.11784
0.11801
0.11801
Vistanex LM-MS
0.25 2.0 0.005
0.Q025
0.00125
0.42833
0.42897
0.42925
Vistanex LM-MS
0.05 1.5
2.0
0.00125 0.16842
0.16894
V istanex LM-MH
0.25 1.5
2.0
0.00125 0.68546
0.68936
Vistanex LM-MH
TABLE 7.3
WJFLMB theory - Effect of k* and At] on recovery calculations
G
(sec -1 ) k*
A ti/k*
(sec) Y' OO
M ate ria l  co n s tan ts  
(see t a b le  7 .1)
0.05 1.5
1.6 
2.0
0.00125
!
0.15450
0.15414
0.15818
Vistanex LM-MH
0,25 1.5
1.6 
2.0
0.00125 0.65658
0.65449
0.64033
Vistanex LM-MH
0.05 2 0.005
0.0025
0.00125
0.11070
0.11081
0.11086
V istanex LM-MS
0.2 2 0.005
0.0025
0.00125
0.44362
0.44387
0.44397
V istanex LM-MS
TABLE 7.4
OWFS theo ry  - E f fe c t  of k* and Atj on recovery  c a lc u la t io n s
G
(sec -1 ) k*
A ti/k*
(sec) •Y*
M ate ria l  co n s tan ts  
(see ta b le  7 .1)
0.05 2.0 0.0024 0.22212 Vistanex LM-MH
2.0 0.0012 0.22315
2.0 0.0006 0.22396
1.6 0.0006 0.22349
1.5 0.0006 0.22294
0.20 2.0 0.0024 1.0399 Vistanex LM-MH
2.0 0.0012 1.0431
2.0 0.0006 1.0458
1.6 0.0006 1.0269 *
1.5 0.0006 1.0178
01  ^  0-2G (sec-1)
FIGURE 7 .9  Shear recovery  o f  V istanex LM-MH, 29*25°C 
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FIGURE 7.10 Shear recovery  of Visjtanex LM-MS, 29*25°C 
Comparison of experiment and theory
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reasonab le  to  assume t h a t  yC^k) fo r  the  maximum t  i s  a good
es tim a te  of y . The h ig h e s t  va lue  o f  t  needed was ^20 seconds.
The i n f i n i t e  s e r i e s  in  7.62 to  7.64 were te rm ina ted  a t  n 
or m = 50 as b e fo re .  S im ila r ly  terms co n ta in ing  Ei (x) in  7.64 were 
neg lec ted  f o r  x  ^ 50. A few c a lc u la t io n s  where terms in  Ei (x) were 
neg lec ted  f o r  x  ^ 100 showed t h a t  t h i s  l a s t  assumption i s  re a so n a b le ;  
the  d i f f e r e n c e s  were not n o t ic e d  to  f iv e  s i g n i f i c a n t  d i g i t s .
The accuracy o f the  num erical i n t e g r a t io n  was checked us ing  
d i f f e r e n t  va lu es  of A ti/k*  and k*. Typical r e s u l t s  f o r  th e  Kaye •
theo ry  a re  g iven in  t a b le  7 .2 ,  which shows th a t  there! i s  le s s  than  1%
d if f e r e n c e  between the  v a lu es  o f  y ob ta ined  f o r  th e  v a r io u s  t i  and k*.
1 CO J*
Since a h igh va lu e  of k* i s  p re fe r r e d  to  minimize computer t im e , a l l  
th e  o th e r  r e s u l t s  fo r  the  Kaye th eo ry  re p o r te d  here  were o b ta ined  
using  k* = 2 and t i  = 0.0025 sec .  : Recovery curves were c a lc u la te d  
f o r  v a r io u s  va lues  of G from 0.03 to  0.25 s e c - 1 , u s ing  th e  m a te r ia l  
co n s tan ts  in  t a b le  7 .1 .
The e f f e c t s  of k* and At} on the  r e s u l t s  f o r  the  WJFLMB and 
OWFS th e o r ie s  a re  shown in  ta b le s  7.3 and 7 .4 .  C lea r ly  a lower va lu e  
of k* i s  needed f o r  the  WJFLMB theory  to  g ive  the  same o rder  of 
convergence as the  Kaye model. S im ila r ly  i t  i s  necessa ry  to  use  a 
lower va lue  of Ati and k* f o r  the  OWFS model. The r e s u l t s  
subsequently  re p o r te d  were ob ta ined  using  k* = 1 .6 ,  A ti/k*  = 0.00125 sec 
f o r  th e  WJFLMB th eo ry ,  and k* = 1 .6 ,  A tj/k*  = 0.0006 sec  f o r  th e  OWFS 
th eo ry .
The p re d ic t io n s  o f  the  th re e  models f o r  y m a re  compared w ith  
the  experim ental d a ta  in  f ig u r e s  7.9 and 7 .10. The OWFS model g e n e r a l ly  
p r e d ic t s  va lues  which a re  h ig h e r  than th e  experim ental d a ta ,  p a r t i c u l a r l y  
a t!  h igh shear r a t e s  where they  d i f f e r  by a f a c t o r  o f  two. Also th e  s lo p e
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j FIGURE 7.11 Shear recovery  curve f o r  V istanex LM-MS, 29*25°C 
1 . '
| . , — Comparison w ith theory
-— ------------ Experiment
  ----- - ------ WJFLMB;
3YeB/3G f o r  t h i s  model in c re a se s  as G in c re a se s  co n tra ry  to  th e  
experim ental r e s u l t s .
However f o r  the  Kaye and WJFLMB th e o r ie s  the  agreement 
between experiment and theory  i s  much b e t t e r .  We see t h a t  the  
t h e o r e t i c a l  recovery  i s  lower than the  observed recovery  a t  low shear 
r a t e s  and v ic e  v e rsa  a t  the  h ig h e r  shear r a t e s .  This i s  s im i la r  to  
th e  d iscrepancy  between the  t h e o r e t i c a l  and experim ental 0  ^ d a ta  
( f ig u re s  7.2 to  7 .5 ) .  P o ss ib ly  i f  the  normal s t r e s s  s tead y  s t a t e  
d a ta  a re  f i t t e d  b e t t e r  the  e l a s t i c  recovery  p re d ic t io n  may a lso  be 
improved. The r e s u l t s  in d ic a te  t h a t  th e re  i s  l i t t l e  to  choose 
between the  WJFLMB and Kaye models fo r  p re d ic t in g  t o t a l  e l a s t i c  
recovery  Y • ■ ■. ■
The exp ress ion  f o r  the  Kaye model (equation  7.64) i s  more 
com plicated than the  o th e r  models bu t les.s computer time was needed 
s in ce  a la r g e r  time increment could be used f o r  th e  same accuracy .
This i s  p o ss ib ly  because the  OWFS and WJFLMB models c o n ta in  time 
d e r iv a t iv e s  of the  s t r a i n .  Numerical d i f f e r e n t i a t i o n  i s  n o to r io u s ly  
s u s c e p t ib le  to  e r ro r s  and we might expect to  use very  sm all time 
increm ents to  g e t  an accu ra te  e s t im a te  of a g ra d ie n t .
The p re d ic te d  curves f o r  the  Kaye and WJFLMB th e o r ie s  are  
compared w ith  experiment in  f ig u r e  7 .11 . The models p r e d ic t  a much 
f a s t e r  recovery  than  i s  observed ex p er im en ta lly :  th e  WJFLMB model i s  
c lo s e r  to  the  d a ta  than the  Kaye model. Both th e o r ie s  p r e d ic t  t h a t  
the  recovery  i s  slower as G in c re a s e s .  However th e  e f f e c t  i s  ve ry  
small a t  the  shear  r a t e s  in v e s t ig a te d .  We saw e a r l i e r  (ch ap te r  5) 
t h a t  G d id  no t have a s i g n i f i c a n t  e f f e c t  on th e  experim ental recovery  
curves.
There does not appear to  be a unique t h e o r e t i c a l  r e l a t i o n s h i p
f o r  a l l  G between Yoo and the  r a t i o  o f  the  s t r e s s e s  O i/p 2 i  in  sh ea r
flow. I t  depends on the  magnitude of th e  model c o n s ta n ts .  However as
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G tended to  zero the  Kaye and the  WJFLMB models tended to  th e  Lodge 
(1964) p re d ic t io n  i . e .
Yoo = tfl/2p21 7.70
Also as the  shear r a t e  in c reased  the  p re d ic te d  yro i s  l a r g e r  than  
given by 7.70 fo r  the  Kaye theo ry  and lower fo r  the  WJFLMB th eo ry .
We saw in  chap te r  5 t h a t  exper im en ta lly  th e re  d id  appear to  be a 
r e l a t i o n  between and ay /P 2 1  and the  va lue  o f  y^ was found to  be 
g r e a te r  than  p re d ic te d  by the  Lodge theory .
There i s  a reaso n ab le  agreement between experiment and 
the  Kaye and WJFLMB th e o r ie s  f o r  the  t o t a l  recovery  y^. This i s  
encouraging b u t n e i th e r  model d e sc r ib e s  th e  recovery  curve ad eq u a te ly .  
The OWFS model i s  not s u i t a b l e  f o r  d e sc r ib in g  t h i s  experim ent.
7.5 D iscussion
In s teady  shear  flow th e re  i s  l i t t l e  to  choose between the  
models. Their main weakness i s  t h a t  th e  s lope  o f  th e  oj - G curve i s  
r i g i d l y  r e l a t e d  to  the  P2 1  - G curve and hence to  one m a te r ia l  
co n s tan t  'a* (WJFLMB/OWFS) or ’a ’ (Kaye). Thus we ob ta ined  a good 
f i t  to  th e  v i s c o s i t y  d a ta  bu t th e  p re d ic te d  s lope  o f  a i v e rsu s  G was 
too s te e p .  Another d e f ic ie n c y  of the  th e o r ie s  in  s tead y  sh ea r  flow 
i s  t h a t  the  r a t i o  0 2 /crj i s  c o n s ta n t .  This could be avoided by 
re p la c in g  c in  the  WJFLMB/OWFS models by some s c a la r  fu n c t io n  o f  I 2  
and changing th e  dependence of U on J 2 ‘in  the  Kaye th eo ry .  The p re s e n t  
and o th e r  pub lished  d a ta  are  not p re c i s e  enough to  sugges t th e  form 
fo r  th ese  fu n c t io n s  and any m o d if ic a t io n  a t  t h i s  time would seem 
unnecessary .
There i s  l i t t l e  to  choose between the  th e o r ie s  in  s t r e s s  
r e l a x a t io n  or s t r e s s  growth a t  low shear f a t e s .  The agreement between
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theo ry  and experiment i s  f a i r .  However, in  s t r e s s  growth 
experiments a t  shear r a t e s  >1 s e c " 1, the  models behave d i f f e r e n t l y .  
The WJFLMB and Kaye th e o r ie s  p r e d ic t  t h a t  the  s t r e s s e s  overshoo t; 
th e  OWFS model does n o t .  The amount o f  overshoot i s  much h ig h e r  
f o r  the  WJFLMB model. Thus th i s  experiment would seem to  be an 
e x c e l le n t  method fo r  d i s t in g u is h in g  between th e o r i e s .  U n fo r tu n a te ly  
th e  p re s e n t  d a ta  a re  l im i te d  to  shear  r a t e s  below 1 s e c -1 and we 
could no t determine whether the  m elts  e x h ib i t  overshoo t. However, 
th e re  i s  ample evidence (Vinogradov § Belkin 1965, Huppler e t  a l  
1967) t h a t  overshoot occurs in  polymer m elts  and s o lu t io n s  a t  
h ig h e r  sh ea r  r a t e s .  The OWFS model i s  th e r e f o r e 'u n s u i t a b l e .
Huppler r e p o r te d  t h a t  th e  overshoot p re d ic te d  by th e  WJFLMB th eo ry  
was much l a r g e r  than  occurred exper im en ta l ly .  The Kaye model would 
probably  d e sc r ib e  t h i s  experiment b e t te r .*
For the  t o t a l  e l a s t i c  recovery  y w th e  p re d ic t io n s  o f  th e  
Kaye and WJFLMB th e o r ie s  a re  in  reaso n ab le  agreement w ith  experim ent 
bu t the  p r e d ic t io n  of the  OWFS model i s  much too  h igh . The recovery  
curve i s ,  however, no t d esc ribed  ve ry  w ell  by any o f  the  models; th e  
WJFLMB theo ry  i s  th e  n e a r e s t .
- C lea r ly  th e  OWFS theo ry  i s  not a s u i t a b l e  model f o r  polymer 
m e lts .  The WJFLMB and Kaye c o n s t i t u t i v e  equations  look more 
promising bu t i t  i s  no t p o s s ib le  to  decide a t  t h i s  s ta g e  which i s  
b e t t e r .  They.would appear to  be capable o f  some m o d if ic a t io n  to  
improve on the  weaknesses d esc rib ed  e a r l i e r .  The WJFLMB model looks 
le s s  m athem atica lly  com plicated in  the  simple flows we have conside red  
However, in  the  i t e r a t i v e  c a lc u la t io n s  (recovery) th e  Kaye model d id  
appear to  converge more r a p id ly .  This may be an im portan t p o in t  to  
cons ide r  in  the  choice of the  most s u i t a b l e  rh e o lo g ic a l  equ a tio n  of 
s t a t e .
Chapter 8 
CONCLUSIONS
T o ta l t h r u s t  and to rque  measurements in  c o n e -p la te  and 
p a r a l l e l  p l a t e  rheometers a re  u s e f u l  techn iques  f o r  de term ining  
n, oi and o 2 f o r  polymer m elts  in  s teady  sh ea r  flow . Data are  
p resen ted  a t  sh ea r  r a t e s  from 0.01 to  0.3  s e c -1 f o r  two p o ly i s o ­
b u ty len es  and a depolymerised n a tu r a l  rubber .
A s t a t i s t i c a l  a n a ly s is  of th e  p o ly iso b u ty len e  r e s u l t s  
in d ic a te s  t h a t  0 2  i s  s i g n i f i c a n t l y  d i f f e r e n t  from zero ,  i s  n eg a tiv e  
and the  r a t i o  | 0 2 / ^ 1 | i s  l e s s  than  0 .3 .  The d a ta  f o r  depolymerised 
n a tu r a l  rubber a re  no t in c o n s i s te n t  w ith  th e se  co n c lu s io n s ,  h and 
th e  q u a n t i ty  0 1 /G2 decrease  as the  shear r a t e  in c re a se s  bu t tend  to  
a co n s tan t va lue  a t  low sh ea r  r a t e s .
I t  i s  no t always p o s s ib le  to  o b ta in  r e l i a b l e  s t r e s s  
r e l a x a t io n  and s t r e s s  growth d a ta  on r o t a t i o n a l  v iscom ete rs  such as 
the  Weissenberg Rheogoniometer. Experiments w ith  V is tanex  LM-MH and 
P a ra lac  385 confirmed th a t  i n t e r a c t io n  between the  f l u i d  under t e s t  and 
th e  measuring system can be s i g n i f i c a n t  f o r  h igh v i s c o s i t y  f l u i d s .
The r e s u l t s  re p o r te d  f o r  V istanex  LM-MS however, in d ic a te  t h a t  r e l i a b l e  
d a ta  can be ob ta ined  on lower v i s c o s i t y  f l u i d s  i f  a s t i f f  t o r s io n  b a r  
i s  used. For t h i s  m a te r ia l  P21  grows and re la x e s  f a s t e r  as th e  s tead y  
shear  r a t e  in c re a s e s .
The normal s t r e s s  r e l a x a t io n  and growth d a ta  a re  u n r e l i a b l e  
bu t th e re  i s  some evidence t h a t  0 1  r e la x e s  and grows more slow ly  than  
P21 •
Shear recovery  r e s u l t s  a re  rep o r te d  f o r  th e  two p o ly iso b u ty le n e s  
over a range o f s teady  shear  s t r e s s e s  from l-SxlO^ to  1*05x105 dyn cm- 2 . 
The t o t a l  recovery  in c re a se s  as th e  s teady  sh ea r  s t r e s s  in c re a s e s
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b u t th e  r a t e  of recovery  i s  independent of th e  app lied  s t r e s s .
The recovery  d a ta  have been compared with th e  v a lues  
c a lc u la te d  from the  s teady  shear flow s t r e s s e s  accord ing  to  th e  
th e o r ie s  of Lodge and Weissenberg. N e ith e r  theo ry  i s  a p p ro p r ia te  
b u t th e  experim ental p o in ts  a re  c lo se r  to  Lodge’s th eo ry .
The recovery  d a ta  f o r  both m a te r ia l s  reduce to  a s in g le  
curve i f  i s  p lo t t e d  a g a in s t  0 i / p 2 i*
I t  has been confirmed t h a t  a Newtonian f l u i d  e x h ib i t s  d ie  
sw ell a t  low shear  r a t e s .  The average d ie  sw ell i s  13*5%, and i s  
independent of c a p i l l a r y  r a d iu s ,  volume r a t e  of flow and v i s c o s i t y .
For a h igh v i s c o s i t y  e l a s t i c  f l u i d  d ie  sw ell in c re a s e s  w ith  
shear r a t e  b u t i s  independent o f  c a p i l l a r y  r a d iu s .  At low sh ea r  r a t e s  
th e  d ie  sw ell i s  asym pto tic  to  the  Newtonian v a lu e .
4
I t  i s  shown th a t  th e  momentum ba lance  th eo ry ,  which r e l a t e s  
a i to  d ie  sw ell i s  not a p p ro p r ia te  to  h ig h ly  v iscous  f l u i d s  o f  any 
type .
The p re d ic t io n s  of th re e  i n t e g r a l  rh e o lo g ic a l  equa tions  of 
s t a t e  — OWFS, WJFLMB and Kaye — have been compared w ith  the  
experim ental d a ta  ob ta ined  on the  p o ly iso b u ty le n es .  Many o f th e  
f e a tu re s  of th e  flow behaviour of e l a s t i c  f l u i d s  a re  d e sc r ib ed  by th e  
WJFLMB and Kaye th e o r i e s ,  bu t the  OWFS th eo ry  i s  d e f i c i e n t  on s e v e ra l  
p o in ts  and i t  i s  not a s u i t a b l e  model.
There i s  very  l i t t l e  d i f f e r e n c e  between th e  WJFLMB and Kaye 
models when they  a re  compared with th e  p o ly iso b u ty len e  d a ta .  The 
agreement between the  experiment and th eo ry  in  s teady  flow , s t r e s s  
r e l a x a t io n ,  s t r e s s  growth and t o t a l  sh ea r  recovery  i s  r e a s o n a b le ,  b u t  
n e i th e r  theory  d e sc r ib e s  th e  form o f th e  recovery  curve s a t i s f a c t o r i l y .
The Kaye theory  would seem to  f i t  o th e r  pub lished  d a ta  on s t r e s s
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growth b e t t e r  than  the  WJFLMB th eo ry .
The major d isadvan tages  of th e  th e o r ie s  a re  t h a t  th e  s lopes  
of th e  P21  versus  yto and a i ve rsus  G curves a re  r e l a t e d  the  s lope  of 
th e  x] versus  G curve. Also c^ /u i  r e q u ire d  to  be a c o n s ta n t ,  bu t 
t h i s  i s  not a s e r io u s  l im i t a t i o n .
j
In the  i t e r a t i v e  c a lc u la t io n s  f o r  recovery  th e  Kaye model 
converged more r a p id ly  than th e  WJFLMB model and le s s  computer time 
was used . This may be a s i g n i f i c a n t  p o in t  in  favour o f  the  Kaye type  
of th e o ry ,  which con ta in s  terms in  s t r a i n  and in v a r ia n t s  o f  s t r a i n  
on ly , over th e  WJFLMB type  of th eo ry ,  which co n ta in  terms in  s t r a i n  
and in v a r ia n t s  o f  th e  r a t e  o f  s t r a i n .
C lea r ly  f u r t h e r  experim ental r e s u l t s  a re  r e q u ire d  to  
e s t a b l i s h  which type  of rh e o lo g ic a l  equation  o f s t a t e  i s  a s u i t a b l e  
model to  d e sc r ib e  th e  flow p r o p e r t ie s  of h igh  v i s c o s i t y  e l a s t i c  f l u i d s .  
Both th e  WJFLMB and Kaye th e o r ie s  a re  u s e f u l  s t a r t i n g  p o in ts  and appear 
to  be capable o f  some m o d if ic a t io n  to  improve on some o f t h e i r  
d e f i c i e n c ie s .
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APPENDIX A
\
Differentiation of Experimental Data
The method i s  based on the  movable s t r i p  techn ique  d iscu ssed  
by Hershey, Zakin § Simha (1967). The s lope  i s  e s tim ated  by f i t t i n g  a 
low o rder  polynomial to  an odd number of d a ta  p o in ts  cen tred  on the  
p o in t  re q u ire d ,  and d i f f e r e n t i a t i n g  the  fu n c t io n  a n a l y t i c a l l y .  ■ The 
procedure must be m odified  a t  the  ends of th e  ta b u la te d  d a ta .  Since 
th e re  a re  s e v e ra l  e r ro r s  in  Hershey e t  a l* s  paper ,  e .g .  equa tions  24,
25 and 32 are  wrong; we w i l l  o u t l in e  th e  method in  some d e t a i l .  The 
n o ta t io n  used in  t h i s  appendix i s  independent o f  th e  r e s t  o f  th e  th e s i s  
We w i l l  assume th a t  th e  d a ta  a re  re p re se n te d  by:
m
y i = X V i 1 + e i
A. 1
l = o
Where i s  the  independent v a r i a b l e ,  y^ i s  th e  observed v a lu e  o f  th e  
dependent v a r i a b l e ,  th e  aj a re  unknown c o e f f i c i e n t s  in  th e  polynominal 
and e^ i s  the  e r r o r .  We w i l l  assume th a t  a l l  the  e r r o r  i s  in  the  
dependent v a r ia b le  y^.
The aj a re  ev a lua ted  by l e a s t  squares  a n a ly s is  g iv in g  the  
fo llow ing  s e t  o f  sim ultaneous equations  w r i t t e n  in  m a tr ix  n o ta t io n  
(P la c k e t t  1960):
(A) = ( X ' X y 1 (X'Y) A .2
Where (A) i s  the  column v e c to r  w ith elements a j ; (X'X) and (X'Y) a re  
de f ined  by:
(X’X) =
N1 Exi Ex? ------l E x^ .
Zxi Ex?l M X ■ H*
CO 1 1 1 1 Exim+1
i
CM 
-H 
1
X 
1
W 
1
Ex| S * i-  — - Exi m+2
v  m Zx-£ Exm+-1
i
Zx“ +2------1 Ex?ml
A.3
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(X'Y)
Eyi
Exi / i
Xx?y. 1 J 1
„  m Exi y ±
A.4
where N' i s  the  number o f  d a ta  p o in ts  in  the  s t r i p .
Thus the  aj a r e ' r e a d i l y  obta ined  from A .2 provided  we can 
in v e r t  (X’X). The g ra d ie n t  i s  then c a lc u la te d  from
m
dy
dx
3 - 1 A .5
3 = 1
I
I n i t i a l l y  we must determ ine N1 and th e  d e g re e ;o f  polynomial 
m which adequate ly  r e p re s e n ts  the  o b se rv a t io n s .
E s tim ation  of m
This i s  es tim ated  by an a n a ly s is  o f  v a r ia n ce  !CPlackett 1960) 
We c a lc u la te  the  sum of squared r e s id u a ls  1^ f o r  each va lu e  o f  
u = 1,2,3°, . . .  e t c . ,  and the  v a r ia n ce  r a t i o  Fu f o r  t e s t i n g  th e  
h ypo thes is  a^ = 0. Ru and Fu a re  ev a lua ted  from 
N'
^u
u
Xi
i =1
E
j=o
aj x i J A.6
Fu = CRu=1 - R u )  CN’ - u  -  1) /  A .7
I f  Fu i s  le s s  than  the  F - d i s t r i b u t io n  w ith  1 and (N '-u - l )  degrees 
o f  freedom a t  some a p p ro p r ia te  p r o b a b i l i ty  l e v e l ,  0.05 i s  con v en ien t,  
then au x^u need not be inc luded  in  A .I .  Thus m = (u-1) i s  an adequat 
f i t  to  the  d a ta .  This a n a ly s is  of v a r i a n c e ‘must be ap p l ie d  a t  a l l
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p o in ts  to  ensure t h a t  a l l  p o r t io n s  of th e  d a ta  are w ell re p re se n te d  
by the  va lue  of m f i n a l l y  s e le c te d .
E stim ation  o f N’
The number of p o in ts  N’ to  inc lude  in  the  s t r i p  cannot be 
decided by any known s t a t i s t i c a l  t e s t .  Repeating the  c a lc u la t io n s  
with v a r io u s  N' and decid ing  the  b e s t  va lue  by in sp e c t io n  seems to
be th e  only method, u n le ss  th e re  i s  p r i o r  knowledge about th e
r e l a t i o n s h ip  between x and y. Good r e s u l t s  have been ob ta ined  w ith  
N' = 7 (Zakin e t  a l  1966) and N' = 5 (Hershey e t  a l  1967), b u t  each
s e t  o f  d a ta  must be examined in d iv id u a l ly .
E rro r in  C alacu la ted  Slope
The 95% confidence l im i t s  a re  a convenient e s t im a te  o f  the  
e r r o r  in  the  s lo p e .  These a re  g iven  by (G rayb ill  1961):
1 t .,05 CX'X)"J g(x)cr2 |
Where g(x) i s  the  column v e c to r  de fined  by:
A .8
g(x) ==
0
1
2x
3x2
mxm-l
A .9
g ’ (x) i s  th e  tran sp o se  o f  g(x) and a 2 , the  v a r ia n c e ,  i s  c a lc u la te d  
from
o2 = Rm /  (N' - m - 1) A. 10
t <05 i s th e  a p p ro p r ia te  S tu d e n t’s t - d i s t r i b u t i o n  f o r  (N '-m -l) degrees 
of freedom.
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Procedure a t  the  ends of th e  d a ta
We can only use  the  method d esc rib ed  above f o r  p o in ts  
which a re  a t  l e a s t  ( N '- l ) / 2  i n t e r v a l s  from the  ends of th e  ta b u la te d  
d a ta .  For the  o th e r  p o in ts  th e  s lope  i s  c a lc u la te d  from the  
polynomial f i t t e d  a t  ( N '- l ) / 2  i n t e r v a l s  from th e  ends of th e  d a ta .  
The confidence l im i t  i s  c a lc u la te d  from A .8 in  the  u sua l way. The 
e r r o r s  a t  th ese  end p o in ts  w i l l  tend to  be la r g e r .  ^ - •
* Numerical Technique
The problem was programmed f o r  th e  A tlas  computer 
(U n iv e rs i ty  o f  London) us ing  F o r tran  V language. The s im ultaneous 
equations  (A.2) were so lved  by Gauss e l im in a t io n  w ith  p iv o ta l  
in te rchange  (Bickley § Thompson 1964), and th e  s lo p e  and confidence 
l im i t s  eva lua ted  from A.5 and A .8. The c a lc u la t io n s  were in  s in g le  
p re c i s io n  a r i th m e t ic ,  i . e .  11 d i g i t s .
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LIST OF SYMBOLS
Constant in power law (equation 2.12)
Constant in  Kaye theory
Exponent in  power law (equation  2.12)
Defined by equation  7.61
Constant in  Kaye theory
S p e c if ic  h ea t
F inger s t r a i n  te n so r  (equation  7.2)
Cauchy - Green s t r a i n  te n so r  (equa tion  7 .6) 
Constant in  WJFLMB and OWFS th e o r ie s  
Defined by equation  7.51 
Defined by equation  7.68 
Defined by equation  5.8
Rate of s t r a i n  te n so r  (equation  
Components of r a t e  of s t r a i n  te n so r  in  C a r te s ia n  
c o -o rd in a te s  and c o -o rd in a te  system , £2 * £ 3 * 
Components o f  r a t e  o f  s t r a i n  te n so r  i n  s p h e r ic a l
Components of r a t e  o f  s t r a i n  te n so r  in  c y l in d r i c a l  
p o la r  co -o rd in a te s  
Shear r a t e
H eaviside fu n c t io n  ( e l a t i o n  4 .3)
S epa ra tion  between p la t e s  in  p a r a l l e l  p l a t e  rheom eter 
Second in v a r ia n t  of r a t e  o f  s t r a i n  t e n so r  (equa tion  7 .5 ) 
In v a r ia n ts  o f  Cij (equation  7.12)
Constant in  power law (equation  2.6)
Constant in  equation  2.1
CO
p o la r  c o -o rd in a te s .
k* Constant in equation 7.65
L Length of a c a p i l l a r y
£ ; Length of a torque arm
M T o ta l  to rque  on the  p l a t e  of a co n e-p la te  or p a r a l l e l
p l a t e  rheom eter.
Mi Moment of i n e r t i a
m’ Defined by equation  3.23
N Exponent in  power law (equation  2.6)
n '  Defined by equation  3.27 or 6.11
p A rb i t r a ry  h y d ro s ta t i c  p re s su re
p^i Atmospheric p re s su re
p . . | S t r e s s  te n so r
P-ll* P‘12* Pi 3 Components of s t r e s s  te n so r
   ■ ; | ' *
Q Volume r a t e  o f  flow
Qm Constants in  Bogue-Doughty theory
R Radius o f  p l a t e ,  cone or c a p i l l a r y
Rj F in a l  ra d iu s  of e x tru d a te  i s su in g  from c a p i l l a r y
r ,  0 , z C y l in d r ic a l  p o la r  c o -o rd in a te s
r ,  0, S p h e rica l  p o la r  co -o rd in a te s
s t - t  ’
T T hrust ex e r ted  on rheogoniometer p la te n s  due to
normal s t r e s s  e f f e c t  
T1 ' Thrust exer ted  on rheogoniometer p la te n s  due to  i n e r t i a
Tax Thrust ex e r ted  on rheogoniometer p la te n s  due to  a x ia l
.. movement of r o t a t i n g  member, 
t  P resen t time
t 1 P as t time
t*  Time de fined  by equation  7.56
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Time de fined  by equation  7.67 
Time defined  by equation  7.66 
Function  in  Kaye theory
Axial movement of r o t a t i n g  member in  rheogoniometer 
F in a l  v e lo c i ty  of th e  e x tru d a te  i s su in g  from a 
c a p i l l a r y
Components of v e lo c i ty  in  C ar te s ia n  c o -o rd in a te s  
and c o -o rd in a te  system £*, ^3*
Components of v e lo c i ty  in  c y l in d r i c a l  p o la r  
c o -o rd in a te s
Components of v e lo c i ty  in  s p h e r ic a l  p o la r  c o -o rd in a te s  
C a r te s ia n  c o -o rd in a te  system 
C a r te s ia n  c o -o rd in a te s  a t  p a s t  time t*
Riemann z e ta  fu n c t io n  (equation  7.23)
Constant in  WJFLMB and OWFS th e o r ie s  
Shear s t r a i n  recovered  a t  time t  
T o ta l  shear  s t r a i n  recovered  
Defined by equation  7.69 '
A xial movement
P ressu re  drop across  c a p i l l a r y
Time increm ent, de f ined  by equation  7.65.
Temperature r i s e  due to  shear  h ea t in g  (equations  
3 .33 and 6 .15).
Unit te n so r  ( = 1 i f  i = j , = o i f  i  f . j )
D e f le c t io n  of to rque  arm from i t s  n u l l  p o s i t io n  
Constant in  WJFLMB, OWFS and Kaye th e o r ie s  
End c o r re c t io n  in  c a p i l l a r y  flow 
V is c o s i ty
V is c o s i ty  a t  zero shear  r a t e
Gap angle  in  c o n e -p la te  rheometer
Time c o n s tan t  in  WJFLMB, OWFS and Kaye th e o r ie s
Time co n s tan t  de fined  by 7.16
Time co n stan t de f ined  by 7.8
Memory fu n c t io n  in  OWFS and F red r ickson  th e o r ie s  
An orthogonal co -o rd in a te  system 
I Density
( P u  - P2 2 I  
CP22 -  P 3 3 )
Memory fu n c t io n  in  WJFLMB and Lodge th e o r ie s  
Die sw ell ( = Rj/R)
Angular v e lo c i ty  o f  the  r o t a t i n g  member o f  a 
co n e -p la te  or p a r a l l e l  p l a t e  rheom eter in  s tead y  
shear  flow •
j Angular v e lo c i ty  a t  a p o in t  
Angular v e lo c i ty '  due to  the  i n e r t i a  o f  r o t a t i n g  
member of a c o n s ta n t  s t r e s s  c o n e -p la te  rheom eter 
in  a t r a n s i e n t  experim ent.
